UNCLASSIFIED 



AD NUMBER 


AD840522 


NEW LIMITATION CHANGE 
TO 

Approved for public release, distribution 
unlimited 


FROM 

Distribution authorized to U.S. Gov't, 
agencies and their contractors; Critical 
Technology; JUL 1968. Other requests shall 
be referred to Air Force Aero Propulsion 
Lab., Wright-Patterson AFB, OH 45433. 


AUTHORITY 


Air Force Aero Propulsion Lab. ltr dtd 12 
Apr 1972 


THIS PAGE IS UNCLASSIFIED 














AD 8 40 52 2 



AFAPL-TR-66-89 
PART l»t 


LUBRICITY PROPERTIES 
OF 

HIGH-TEMPERATURE JET FUELS 


j. K. Appeldoorn 
I. B. Goldman 
F. F. Tao 


ESSO RESEARCH AND ENGINEERING COMPANY 


TECHNICAL REPORT A5A?L-T«-66-o*, PART II! 
JULY 3968 


This document is subject tc special export co.itrols and 
each transmittal to fireijn governments or foreign nationals 
muy be trade < sly wi.h j, icr t^pro.al t.( .he Air horce Aero 


Propulsion laboratory. 




Ait Force Awo Propdain L be ,-arory 
Air Force Syaeejs* C >mmaod 
■'rifSt'°fttr-ra-Q \ir Vote* &*_*, Obto 











AFAPL-TR-66-89 
PART !II 


LUBRICITY PROPERTIES 
OF 

HIGH-TEMPERATURE JET FUELS 


J. K Appel doom 
I. B. Goldman 
F. F. Tec 


ESSO RESEARCH AND ENGINEERING COMPANY 


TECHNICAL REPORT AFAPL-TR*S6-89, PART III 
JUlV 1968 


This document is subject to special export controls and 
each transmittal to foreign govsmments or foreign nationals 
may be made only with P <or approval of the Air Force Aero 
Propulsion Laboratory. 


Au Force Aero Pt-'pulaiou Laboratory 
Air Force Sy areas Co am and 
Wright-Pat ceraon Air Force Baee, Ohio 




FOREWORD 


This report was prepared by the Products Research Division, Esso Research 
and Engineering Company, at Linden, H. J. under Contract AF33(615)2828. Thi3 pro¬ 
gram ia administered by the Air Force Aero Propulsion Laboratory with Arthur F. 
Levenstein, Capt., USAF as project engineer under project 3048, task 304805- 
hydrocarbon fuels. 

This report covers work conducted from 15 May 1967 to 15 May 1968. It 
was submitted by the authors 11 July 1968. 

This technical report has been reviewed and is approved. 


ARTHUR V. CHURCHILL, Chief 

Fuels, Lubrication and Hazards Branch 

Support Technology Division 








ABSTRACT 


Previous studies on the friction ard wear properties of jet fuels have 
been extended to meta'iurgies ocher than ste>l and to other kinds of wear, both 
abrasive and scuffing. Corrosive wear is fojnd with most metals, even those that 
are nominally corrosion resistant, and can b; controlled by using surface-active 
additives. Abrasive wear is triggered by corrosive wear and can be controlled 
indirectly by eliminating corrosive wear or i. directly by polar additives. Unlike 
corrosive wear, scuffing is most severe in dry inert atmospheres. Antiwear addi¬ 
tives are usually also antiscuff agents. 
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I- INTRODUCTION 


This report concludes a three-year research study on the causes for the 
inferences in the lubricity of Jet fuels. Lubricity, as defined herein, is a 
fuel property; specifically, that fuel property other titan viscosity which accounts 
for differences in friction, wear, and scuffing. 


Field Problem 

Jet fuel lubricity was not a problem in operational aircraft at the tins 
this program started. However, a survey of pump and engine manufacturers showed 
that there were some potential problems. For example, Ir one experimental engine, 
sticking and wear of an axial piston pue$> had been encountered when using a highly 
refined fuel at high temperatures. This problem could le cured by cdding about 0.1% 
of d special lubricity additive. 

During the first six surathe of th'.s program a serious field problem did 
develop. Jet aircraft operating from a particular base were encountering sticking 
of a fuel control valve. The JP-4 supplied to this base was vjry highly refined 
and contained no corrosion ini l 'itor in accordance with e recent change in the VSAT 
Specification. The jet fuel waa therefore strong!.• suspect. 

The goal of this program, however, was broader :Vin a correlation with a 
single problem In the field. Rather it waa a complete study 'f jet fuel coar-osition: 
to determine what components present in jet fuels account for got*! lubricity, what 
additive^ might be used to get atill better lubricity, and how fuel lubricity is 
influenced by other variables sucn as temperature, atmosphere,and metallurgy. 


•Pparat us 


The first step was to find a test that could reproduce field experience. 
Moat lubricity testers have been designed for li&ricants and rate all fuels a# 
equally bad. Several different apparatus were examined. The Rail -on- Cylinder Teat 
was found to be meet satisfactory b»»? a Vaue Pump Test end th* 4-Hall Wear T e*t«r 
were also widely used. The Bell-oo-Cylinder device measures wear, friction and the 
amounc of metal-to-metal contact, all of which are useful in evaluating fuels and 
fuel additives. This apparatus could correctly distinguish betveen fuels of good 
and poor lubricity and showed that the degree of refining and the additive cantr-U 
la far more important than physical properties sur> as viscosity. 

Curioualy, although field problem* were often acre involved with some 
kind of friction, rather than wear, the beat correlation w« obtained with laboratory 
data on wear. Xt appears that, la this eaae at least, both frl loo and wear are 
the prodiKt af the same source, namely an adhesion between the rubbing surfaces, 
it is obvious that this correlation should not be carried far. guweve.*, it U 
evident thee wear in laboratory tests. with suitable precautions and with sow* 
obvious exceptions, mn predict frictional behavior is the field. 

Atmosphere 

■mn.Vi(iie*e m ■. » . ,» i 

A study of the variable* that eight effect jet jy*’ lubr-vity .bowsed that 










d5.asolwd oxygen and water were critically important. A Simple inerting of the 
*tmo*phare in the Vstvc Puap Teat, for example, reduced wear by a factor of > ID,000. 
Ibia wear proceeds by a corrosion mechanise and a mathematical model was constructed 
which showed good agreement with experimental dcta. All aubeequent tests were car¬ 
ried out in a controlled atmosphere, each apparatus being modified accordingly. 
Generally the £rar ex trem e s were used: dry air, wet air, dry inert,and wet inert. 

Aromatic Content 

Surprisingly, the most ioportAnt component for inserting lubricity tc 
Jen fuels is the aromatic hydrocarbons, especially condensed-ring aromatics 
(naphthalene derivatives). This be ha vie. had not been reported in the literature. 
Mixtures of paraffins and aromatics give lower friction, less wear and better scuff 
resistance than either component alone. Good jet fuels were invariably found to 
contain appreciable quantities of aromatics. 

Paradoxically, the coodensed ring aromatics alone art not good in a dry, 
inert atmosphere. The/ scuff at extremely low loads. The excellent behavior of 
srometic-pa. affix; blends is therefore a true synergism. 


Sulfur and nitrogen components had relatively little effect on lubricity. 

A Survey of 1C Jet fuels from the field showed no correlation between sulfur or 
nitrogen content and lubricity. Also, the addition of all types of sulfur and 
nitrogen compounds (aulfides, disulfides, amines, etc.) did not improve lubricity 
to any extant. Similarly, the removal of naturally occurring acetic components by 
caustic treat caused no serious loss in lubricity. Olefinic hydrocarbons had some 
effect but it was relatively minor. Hence, only the aromatic content is au important 
component so far as lubricity is concerned. 

Additives 

Corrosion inhibitors which are normally added to jet fuels were found to 
be exceptionally effective lubricity agents, even at very low concentrations. 

Their removal from fuels in the field (a move taken to improve the water separation 
properties) appear to be an important factor lending to the sticking problems 
mentioned previously. These nateria 1 s are surface-active agents so that their 
effect on lubricity is not uprising. 

On the other hand, anti-oxidants and metal deactivators had almost no 
effect. Anti-icing agents (ether-alcohols) had some effect but not nearly as much 
as the corrosion inhibitors and only at much higher concentrations. 

Special lubricity additives were found to be even better than the corrosion 
inhibitors. Some of these were effective at concentrations as low as 5ppm. Even 
as simple a material as oleic acid was found to be very effective. 


Friction, wear and scuffing all increase at higher temperature. Some of 
this comes from the lowered viscosity, some from an increased rate of corrosive wear 
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but some appears to be due to the temperature per se. Highly-refined fuels are 
more sensitive to the effect of temperature than conventionally-refined fuels. 


A serious difficulty was encountered in measuring the effect of tempera¬ 
ture in an air atmosphere. The fuel would oxidize during the test and the oxida¬ 
tion products would act as anti-wear agents. The additiou of an anti-oxidant 
minimized this effect somewhat but at temperatures above 24QP, wear generally de¬ 
creased rather than increased. This made it almost impossible to test additives at 
high temperatures since the fuel alone was fairly good. 


Metallurgy 

Most of the work reported above was done with hard chrome steel. Some 
limited data were obtained on AIS1 4400 stainless steel. The conclusions, however, 
were qualitatively the same as for the chrome steel. 

I 


Summary j 

The work thus far has identified the important fuel variables governing 
jet fuel lubricity. Only the aromatic content and the surface-active additives are \ 

significant. However many of the operational variables are as important as the fuel 
variables, particularly the presence of dissolved oxygen and water. There appears i 

to be a strong interaction between hydrocarbon type, additive content, atmosphere ! 

and probably metallurgy as well. 1 

The present report will focus on three major areas: scuffing, metallurgy, 
and abrasive wear. Scuffing is an entirely different phenomenon from corrosive 
wear; therefore those variables that influence wear were re-examined to determine i 

their effect on scuffing. Several new metallurgies were examined, particularly ] 

those that are corrosion resistant. The nature and importance of abrasive wear < 

was also determined. In addition, the Micro-Ryder rig was evaluated as a possible ] 

lubricity tester. j 






1. EVALUATION OF MICRO-P.lDgR AS A TCOL FOR ST'D^ING JST FUSI LUBRICITY 


A„ Introduction 

Because of wide appeal of a gear teet for evaluating che load-carrying 
capacity of fuels and lubricants, It was desirable to evaluate jet fuels in this 
typa of test. Previous results have shown that the standard Ryder gear test is 
not altogether satisfactory. A program was therefore set up to evaluate the Micro 
Ryder gear test as a jet fuel lubricity tester. Our conclusion is that this c&st 
device la not euitable for jet fuel testing. 


The Micro-Ryder is just what the name implies. Xt is a smaller version 
of r v standard Ryder gear. Several of the drawbacks for the larger Ryder are not 
foun-J in the smaller Ryder. For example, the slave gears are loaded by means of 
air pressure rather than gear oil; thus, test fuel cannot be contaminated. Also, 
sruch smaller quantities of test fluid ere needed (35cc vs several gallons); thus, 
certain pure hydrocarbon types and lubricity additives which have been found use¬ 
ful in jet fuels may be very easily tested in the Micro-Ryder. It remained for 
this study to investigate the reproducibility of the Micro-Ryder as well as its 
sensitivity toward jet fuels of various lubricity characteristics. 


B. Modifications To Micro-Ryder 

As mentioned, the Micro-Ryder is a smaller \’erslon of the standard 
Ryder gear teet machine. In order to use the Micro-Ryder for fuels testing, 
several modifications had to be made. Due to the extreme severity for fuels, 
tests of 2-minute duration were run at each load, rather than the standard 10 
minutes. In addition, the equipment was modified to measure air pressures of 
several millimeters of mercury. This modification was made because, for the range 
of air pressures indicated on the machine, the gear loading was too high; a large 
amount of scuffing occurred at the lowest load, 1 psi. Tests were also run in an 
ergon atmosphere as well as in room air. 


Brimental Results 


The Micro-Ryder was not able to detect the difference in lubricity of 
two non-additive fuels. Figure 1 shows data on a highly refined fuel, Bayol 35, 
end a conventionally refined fuel, RAF-176-64. This figure is a plot of the per¬ 
cent scuff as measured by microscopic examination of the gear teeth versus the 
applied load in lbs/inch jf tooth width. Normally, one rates Ryder gear data by 
noting the load at which 22.5 7, scuff occurs. As seen in the figure, Bayol 35 
end RAF-176-64 appear equivalent at the 22.51 scuff point. At higher loads, the 
conventtonally-refined fuel actually lor'ks worse than the highly-refined fuel. 
These findings ere in direct contrast to thoie found previously with other wear 
testera. Bayol 35 had been shown to be much poorer than RAF-176-64 in lubricity. 
This is shown in Table I, which compares the scuff load at 22.57. scuff in the 
Micro-Ryder test with wear data from other testers used in this program. In the 
be11-on-cyUnder device, 4-Ball wear test, and Vickers vane pump, Bayol 35 was 
definitely inferior to RAF-176-64. In the Micro-Ryder test it was not. 
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TABLE I 

COMPARISON 07 WEAR TESTERS WITH 

Bayol 35 


Bail-oo-Cy Under 0.63 

WSD, am 

4-Ball Teat 0.80 

WSD, on 

Vickers Vane Pump 204 

Vane WL, mg 

Micro-Ryder Test 27 


Scuff Load, #/inch 


MICRO-RYDER 

RAP-176-64 

0.38 

0.61 

0 

18 


i 

t 
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The effect of a lubricity additive in the Micro-Ryder test was also 
examined. Figure 2 gives data on 0.17. of ER-3 to Bayol 35 using room a:r atmos¬ 
phere. The effectiveness of ER-3 is readily seen in the Micro-Ryder, as Bayol 35 
plus the additive exhibits about eight times the load-carrying capacity of Bayol 35 
alone. This comparison is made at the 22.5% scuff point. This result is in agree¬ 
ment with previous data obtained on the standard Ryder gear earlier in the program. 

The effect of atmosphere (Figure 3) also is in agreement with previous 
findings, i.e., better performance with Bayol 35 is found in inert gas environment. 

At first, it was planned to use the Micro-Ryder to measure gear scuffing 
at high temperatures in both air and inert atmospheres. In order to estimate the 
severity of the Micro-Ryder at elevated temperatures, a low viscosity liquid, 
normal heptane, was tested at room temperature. Heptane at room temperature has 
a viscosity of 0.43cp, which is the viscosity of Bayol 35 at 300F. Thus, just the 
viscosity effect alone can be estimated by comparing heptane with Bayol 35 in an 
argon atmosphere. This is shown in Figure 4. Two points are to be made here. 
First, if a test were run at 300°F in an argon atmosphere wi'.:>. Bayol 35, the data 
would exhibit the trend shown by the heptane curve in Figure 4. That is, with no 
oxidation occurring (argon atmosphere) only the viscosity effect would show up at 
the higher temperature. The second point is thr.t the Micro-Ryder is even more 
severe for the lower viscosity fluid. At less than O.Spsi applied load, the 
scuffing rose immediately to 22.5% with heptane. Therefore, testing jet fuels 
such as Bayol 35 at higher temperatures would make the severity of the Micro-Ryder 
worse than it is at room temperature. 


D, Conclusions 

The Micro-Ryder test is too severe for fuels testing. The failure of the 
Micro-Ryder to rate Bayol 35 and RAF-176-64 correctly may be due to running tests 
at loads below which it was designed. At these low loads, the test is apparently 
insensitive to fuels of various lubricity characteristics. On the other hand, 
additive and atmosphere effects agree with previous findings. 

No additional work with the Micro-Ryder is planned since it is apparently 
too severe for fuels testing. However, the viscosity data indicate that the Micro- 
Ryder might be suitable for testing fluids in the lubricating oil range, that is, 
higher viscosity fluids. 





SCUFF 



FIGURE 2 - EFFECT OF ADDITIVE IN MICRO-RYDER TEST 
(77F, ROOM AIR, 2-MINUTE INTERVALS) 
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III. SCUFFING OF STEEL 

In must of the previous work, the test conditions were selected so that 
scuffing would not occur. Scuffing is &n entirely separate phenomenon from ordinary 
wear and obeys its own set of rules. It results fron a coablnation of teut condi¬ 
tions (high load, high speed, and high temperature) that cause the surface films 
to fail. When the films crack or rupture, fresh metal touches fresh metal, result¬ 
ing in severe adhesion, high friction, and high wear. It should not be assumed that 
whetever factors will alleviate ordinary wear will nleo alleviate scuffing. In 
fact, it will be shown that the effect cf inerting the atmosphere has diametrically 
the opposite effect on scuffing that it has on wear. 

In ^hls section, the various parameters that have been shown to have some 
effect on wear will he re-examined to determine their effect on scuffing. These 
will Include (1) oxygen atd moisture content of the atmosphere,(2) hydrocarbon com¬ 
position of the fuel, (3) sulfur compounds, (4) additives and impurities, and (5) 
temperature. The data in this section will be limited to hard 32100 steel. Other 
metallurgies will be discussed in the next section. 


The following general conclusions can be drawn: 

• Unlike wear, scuffing is most severe in dry inert atmospheres and least severe 
in wet air. 

• Wet air can sometimes lead to scuffing because of the abrasive nature of the 
iron oxide particles formed. 

• No scuffing with paraffinic fuels was obtained in the bail-on-cylinder test 
even with bone-dry argon. However, scuffing with condensed-ring aromatics 
in argon was more pronounced at low humidity. 

« Condensed-ring aromatics when blended with paraffins decrease scuffing, just 
as they decrease wear. 

• Olefins, especially diolefina, have some antiscuff behavior in blends. 

e Sulfur compounds decrease scuffing in dry argon but not in wet air. 

• Lubricity additives are also good antiscuff additives, but are required in 
higher concentrations to give scuff protection. 

• Scuffing is more severe at high temperature, unless prior hydrocarbon oxidation 
has occurred. 


Scuffing is not always self-evident when it occurs. In the four-ball 
t6oter it was determined as follcwa: A aeries of tests at increasing loads were 
run and the resulting wear scar diameter plotted against load. Scuffing is evidenced 
by a sudden increase in scar sire: The load at which this occurs is the scuff-load. 
Usually scuffing was accompanied by an erratic friction trace and a loud chattering 
noise. At very high friction, the motor's overload trip would stop the test. This 
is termed "seizure." 
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IC all ««««• tine tests were run unc!-r « controlled atmosphere, usually 
•ifher dry argon or wst (saturated) air. A temperature of 240F was chosen to give 
tJw acet oevera conditions without encountering excessive eveporatlon of the fuel 
sample. 

In the balloon*cylinder tester, high temperatures and high loads were 
na«). to avoid daaaga of the friction-measuring device, the spring was blocked 
•o t ha t no friction reading was taken; scuffing was recognized by noise or "chat* 
taring". 

In addition, when scuffing occurred, the wear track on the cylinder 
•bowed a considerable depth. In teats where ordinary wear occurred, the wear track 
shoved only a flattening of the surface asperities. Talysurf profiles of the 
cyllndor thus wade it easy to distinguish between wear end scuffing. 


A. Effect Of Atsosphere 

Previous tests under non-scuffing conditions had shown that atmosphere has 
a profound effact. Wear Is low in dry argon, intermediate in wet argon or dry air, 
and hlghast in wet air. This appears to be a classical example of corrosive wear, 
for the vol'tme of wear was almost a linear function of the amount of oxygen avail¬ 
able in the atmospheres. Inei-ting the etmesphere always had a beneficial effect. 
This was particularly noticeable in the vane pump test, where running in dry 
nitrogen reduced the wear from a prohibitive level to essentially nil. 

In scuffing, however, the presence of oxygen end moisture can be expected 
to be beneficial. Becauae they do attack the metal surface, they help prevent the 
rupture of the surface film, and they rapidly b~*l any ruptures that do occur. 
Scuffing la therefore moot likely in dry Inert ystems. 

1. Four-Ball Te-ts 

The ambiguous effect of oxygen and moisture is illustrated in Table II. 

A series of 4-ball teats were run on two high-purity fuels, increasing the load 
until scuffing occurred. All four atmospheres were studied. The two fuels behaved 
similarly. In both dry argon and wet argon, scuffing occurred at loads of 2-3kg; 
in dry air, scuffing did not occur until 20kg (although wear at lower loads was 
higher than in argon). In wet air, scuffing occurred at less than 1 kg, but this 
appears to be from a different cause. In wet sir, corrosive wear is so severe that 
the iron oxide particles abrade the surface, exposing fre;h metal, and initiating 
scuffing. 

This is seen mors clearly by examining the scuffing tendencies of com¬ 
mercial (laaa highly.refined) fuels under the sasmi conditions. Table III presents 
data on RAP-176-64 (Jet A fuel) and JP-S. Again scuffing is most severe in dry 
argon and least in dry air. The table below sun-dsrlses the results on both kinds of 
fuels. 








TABU II 


sflprrmc or highly- ref into fuels 


(Four-Ball Teats, 2407, 1200rpo, 15»in, 52100 Steel) 


WEAR SCAR DIAMETER, an 

_ PW-523 __ Bayol 55 



Dry 

Wet 

Dry 

Wet 

Dry 

Wet 

Dry 

Wet 

Load, kit 

Argon 

Argon 

Air 

Air 

Argon 

Argon 

Air 

Air 

0.5 

0.20 



C.72 





1 

0.20 

0.23 

0.48 

0.78 

0.28 

0.23 

0.58 

0.88 

2 

0.58 

— 

— 


0.91 


— 


3 


S 

0.48 



1.02 

0.58 


5 



0.5C 




0.58 


10 



0.63 




0.65 


15 



0.61 




0.57 


20 



S 




S 


COEFFICIENT OF FRICXTCN 








os 

0.15 








i 

0.19 

0.10 

* 


0.22 

0.17 

* 

* 

2 

* 

-- 

— 


* 

— 

— 


3 


** 

0.13 



★ 

0.16 


S 



0.14 




0.09 


10 



0.16 




0.14 


13 



0.16 




0.14 


30 



** 




*+ 



* Friction erratic. 

** Friction off-scale. 

S: Seizure--overload trip stopped teet. 
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TABLE III 


SCUFFING OF COMMERCIAL FUELS 


(Four-Ball Tests, 240F, 3.200rpm, 15min, 52100 Steel) 


WEAR SCAR DIAMETER, on 


RAF-176-64 


JP-5 



Dry 

Cry 

Wet 

Dry 

Dry 

Wet 

jadjJa 

Argon 

Air 

Air 

Argon 

Air 

Air 

3 

0.28 

0.30 

0.35 

0.27 

0.39 

0.55 

6 

S 

-- 

-- 

0.90 

— 

— 

15 


0.50 

0.52 


0.50 

0.65 

20 


0.59 

S 


0.53 

S 

25 


S 



0.60 


30 





S 


)F FRICTION 






3 

0.10 

0.15 

0-16 

0.13 

0.19 

0.14 

6 

** 

— 

— 

** 

— 

-- 

15 


0.14 

0.13 


0.15 

0.16 

20 


0.14 

** 


0.14 

** 

25 


** 



0.16 



30 


** 


* Friction erratic. 

** Friction off-scale. 

S: Seizure-overload t~ip stopped test. 
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PW-523 
Bayol 35 


RAF-176-64 


_ Scuff Load, kg _ 

Dry Argon Dry Air Wet Air 




Note that the commercial fuels have better scuff resistance than the 
highly-refined fuels, Just as they had better antiwear properties. Note also 
that the biggest difference between these fuels was in their performance in, wet air: 
The highly-refined fuels scuffed ever, at 1 kg; whereas the commercial fuels did not 
scuff until 20kg. This is believed to be because the polar impurities in commercial 
fuels reduce corrosive wear (as previously shown), which is postulated as initiating 
the scuffing in wet air. 

2. Ball-on-Cylinder Tests 

A similar comparison was made between PW-523 and RAF-176-64 in the ball¬ 
on-cylinder device. However, as will be discussed later, scuffing in dry argon 
could not be obtained in this device, even at high loads, high temperatures and with 
high-purity fuels, as shown in Table IV. 

It was possible to obtain wear-initiated scuffing (similar to that in the 
four-ball machine under wet air) at lOOOg load in both dry air and wet air. This 
was evidenced by the sharp increase in wear noted in Table IV and also by the occur¬ 
rence of chattering. 

On the other hand, the commercial fuels showed no scuffing at any tempera¬ 
ture or load, as shown in Table V. Further evidence of the difference between the 
two fuelo is given by the Talysurf traces in Figure 5. When scuffing (chattering) 
does not occur, the wear track shows little more than a flattening of asperities. 
When it does occur, as with PW-523 in dry air and wet air, the track is gouged out 
to s considerable depth. It is possible to calculate the wear volume (V) of this 
track from its depth (a) and width (W) and the radius of the cylinder (R), assuming 
its cross-section to be a circular segment: 


V - 2/3 Ws.2*R - ^ nRWs 


93Ws (in cu. mm.) 


The computed wear volume on the cylinder for those runs showing chattering is also 
presented in Table V. It is about 1 cu. mm. The wear volume on tie ball can be cal¬ 
culated from the wear scar diameter (d) and the radius of the ball (r), and is 
approximately (xdV64r). For a wear scar of 1 mm the wear volume is only O.lcu. mm. 
Thus, when scuffing occurs, the majority of the wear is on the cylinder. 















TABLE IV 

EFFECT OF LOAD ON WEAR AT 3007 
(Ball-on-Cylinder Tests, 240 rpm, 32 min,Steel-on-Steel) 

Fuel: FW-523 


Wear Scar Diameter, mm 


Load, e 

Drv Arson 

Drv Air 

Wet Air 

60 

0.22 

0.36 

0.42 

120 

0.27 

0.52 

0.62 

240 

0.32 

0.50 

0.65 

480 

0.37 

0.53 

0.77 

1000 

0.35 

(0.31) 

0.98* 

(1.01*) 

1.08* 

(1.05*) 


* Chattering occurred 










e 


PW-523 


TABLE V 

EFFECT OF TEMPERATURE ON WEAR 


(Ball-on-Cylinder Tests, lOOOg, 240 rpm, 3? min, Steel-on-Steei) 

Div Argon Drv Air Vhc Air 


F Severity WSD, ms Severity WSD, ms Severit 


160 Mild 0.28 Severe* 1.05 Severe* 1 


Severe* 1.05 
(i-2) 

Severe* 1.17 

( 2 . 2 ) 


Severe* 1.09 

(1.7) 

Severe* 1.22 

( 2 . 6 ) 


0.31 Severe* l.Ol Severe* 1.05 
(G.35)** (1.3) (0.98)** (1.2) (1.08)** 


RAF-176-64 


(1.02)** 

(0.38)** 

(0.45)** 


0.51 Mild 
(0.43)** 


0 55 
(0.93)** 


* Chattering during run and very obvious scuffing marks on the cylinder. Data 
in parentheses are computed wear volume in mnr* on the cylinder based on Taly- 
surf profile measurements. 

** Duplicate run. 













PH-523 


RAF-176-64 



FIGURE 5 - TALYSURF PROFILE OF WEAR TRACK ON CYLINDER 
UNDER SCUFFING AND NON-SCUFFING CONDITIONS 

















The scuffing behavior of PW-523 is contrasted to the normal wear behavior 
of RAF-176-64 in Figure 6, which plots the wear data of able V. 


3- Bone-Dry Atmospheres 

The dry gases normally used in these tests ^ontaiu 20-30ppm water, as 
received from the compressed gas cylinders. It was felt that even this small quantity 
of water could have some effect, so a program was carried out under "bone-dry" condi¬ 
tions—<1 ppm water in the atmosphere. 


The bone-dry conditions were obtained using a heatless dryer (1). The 
dryer consists of two columns of desiccant (silica gel) used alternately. Compres¬ 
sed gas (30-150 psi) passes through one column where its moisture is completely re¬ 
moved. A small part of this dried gas is then expanded and pasaed through the 
second column. Because the drying efficiency depends on the volume of gas used and 
not its weight, this expanded gas regenerates the silica gel to its previous condi¬ 
tion. A timer switches the gas from one column to the other every 30 seconds, so 
that one column is working while the other is regenerating. Thus, complete dryness 
is obtained without heating and without using cryogenic temperatures. The gas 
leaves the drier at less than 1 ppm water. This amounts to 95% water removal from 
an already very dry gas. 


A gas-mixing system was constructed so that any desired mixture of oxygen 
and nitrogen could be obtained, and ac any desired moisture level. Oxygen was ana¬ 
lyzed in the gas phase by a Beckman Oxygen Analyzer. Water was analyzed in the gas 
phase by a Gilbarco Sorption Hygrometer. Thi? instrument was satisfactory at very 
low water contents (<10 ppm); higher water content was determined from the mixing 
volumes of dry and moist gas. 8 

„ T ° di8flolved water directly, some preliminary work was done 

Research^) de Y elo P ed *7 Analytical Research Division of Esso 
Research (2). It consists of a gas chromatograph coupled to a cryatal hygrometer 

2tIr W S k h"d° Wed K hat 8e ! l0 I“ err ° r8 exl8t ln th€: l^erature on the solubility of' 
in hydrocarbons and that the Karl Fischer nethod is not dependable in Zny 

cases. It appears toat the new technique is exceptionally well suited to let fuels 

B m h .I?* 8 f* l 5 that 8 full ’ 8cale investigation of water solubilities, the speed at' 
which dissoived water will equilibrate with the atmosphere, and the perturbing 
effect of surfactants, was beyond the scope of this contract. 


The water content in the fuel (liquii phase) should follow Henry's Law, 
end therefore be calculable knowing the partial pressure of water in the surrounding 
atmosphere and the saturation content of water in the hydrocarbon. 

For the friction and wear tests, the ball-on-cylinder machine was again uti¬ 
lized in this study. The sample cell was sealed to eliminate back diffusion from the at¬ 
mosphere provided the sample gas flow rate was high enough. AISI 52100 steel balls 
and cylinders were used for most of the runs. The balls were initially of Rockwell 
Hardness 63 R c . Some were heat-treated to give a hardness of 26 R . The cylinders 
are -30 R c . For several runs a Timken roller bearing race of -60 R hardness was 
utilized. This was not only harder but also rougher (30 p" CLA vs 12 ji" CLA for 
the regular cylinder) so that differences observed could be caused by either the 
hardness or the roughness or both. 
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WEAR SCAR DIAMETER, mm 


BALL-ON-CYLINDER TESTS 
(lOOOg, 240 rpm, 32 min., 52100 STEEL) 



FIGURE 6 - EFFECT OF TEMPERATURE ON TWO FUELS IN 
VARIOUS ATMOSPHERES_ 
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a. Paraffinic Hydrocarbons 


Although paraffinic fuels did not scuff in dry argon, there was some feel¬ 
ing that scuffing would occur under bone-dry conditions. Accordingly, tests were run 
with dodecane, which ia a high-purity hydrocarbon of jet-fuel viscosity. However, 
as shown in Fig. 7 (dashed line) no scuffing occurred. The measured oxygen concen¬ 
tration in the atmosphere was <0.01 (the lower limit on the oxygen analyzer) which, 
assuming Henry's Law to hold, would give <0.1 ppm dissolved oxygen. 

The tests were repeated using the softened steel balls, with the same re¬ 
sult. (Fig. 7, solid line.) No scuffing occurred under low-oxygen/bone-dry condi¬ 
tions. Some differences were noted at high oxygen concentrations; the hard steel 
ball gave more wear than the soft steel in pure oxygen. (Somewhat anomalous re¬ 
sults were obtained in wet air, where the soft ball (Fig. 7, point®) gave more 
weav than the hard ball (pointA). According to these data, hard steel is more 
sensitive to oxygen than to water whereas the reverse is true for soft steel.) 

Some further tests were carried out using the harder Timken bearing in 
place of the normal cylinder. Again no scuffing was obtained at 1 kg. At 4 kg, 
however, scuffing did occur under bone-dry conditions and at oxygen concentrations 
below IX* These data are given in Figure 8. Only the combination of high load 
and hard surfaces, and absence of water and oxygen, brought about this kind of acuf- 


fing. 

The table below summarizes 

the data. 








Coefficient 

Ball 

Cyl. , 

Load (kg) 

W.S.D. (mm) 

of Friction 

Soft 

Soft 


1 

.34-.38 

.09-.07 

Hard 

Soft 


1 

.32 

.17 

Soft 

Soft 


4 

.44 

.12 

Hard 

Soft 


4 

.41 

.12 

Hard 

Timken (Hard) 


4 

1.63 

.46 

It again should be mentioned 

that 

the Timken bearing has about twice the roughness 

of the 

normal cylinder and that this could 

also have some effect. 

At any rate, 

the ball-on-cylinder test can 

be 

run under 

conditions sufficiently 

severe to 


bring about scuffing with paraffinic fuels in the absence of water and oxygen. 


b. Aromatic Hydrocarbons 

1-Hethylnaphthalene and the other condensed ring aromatics show opposite 
^baylor from the paraffins. These aromatics have been shown to scuff at extremely 
low loads at low oxygen and water contents. Bone-dry conditions would be expected 
to aggravate the situation. Such was found to be the case, as shown In Fig. 9, 
which ia a plot of wear va. oxygen concentration at various humidities. 

It can be seen that as water concentration decreases, It takes more and 
more oxygen to prevent ecuffing. Tbit Is summarised ie the following table: 




WEAR SCAR DIAMETER 
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WEAR SCAR DIAMETER, mm 






E 
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. 0 . 8 ; 
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P 
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2 

< 0.6 

a 

ac 
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o 

co 

>v 0.4 

< 

ui 

$ 


0 
0.01 


BALL-ON'CYLINDER TEST 
1000g, 240 rom, 77F, 30 min. 


30 ppm WATER 



° a s' 0 PPm 



% OXYGEN IN ATMOSPHERE 


FIGURE * * UU1 VS OXYGCT rOR l-frffiTHYLHA.PHT^ALSHK 

naimi HUtmtss cy uudsm __ 
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Scuffing of l-Mechylnaphthalene 


ppm Water 7. 0? to Prevent Scuffing 


0 

30 

500 

10,000 


7 

4 

2 

0.01 


The data at 30 ppa were those reported earlier. The later data show less of a dif¬ 
ference in the final wear scar between scuffing and non-scuffing. The reason for 
this is unknown, but it does not affect the overall conclusions. 

All the above data were taken with a load of 1 kg and the hard ball. An 
attempted use of the soft balls for this lubricant resulted in no scuffing even under 
conditions of pure N 2 > This is in agreement with the data from the Vickers pump 
test, where no scuffing was found with methylnaphthalsne in nitrogen. More intense 
conditions, such as obtained with the four-ball tester, are needed to get scuffing 
conveniently. 


d. Hydrocarbon Type 

1. Condensed Ring Aromatics 
Scuff At Very Low Loads 

It was previously reported that the condensed-ring aromatics, 1-and 2- 
methylnaphthalene, scuffed at very low loads in dry argon. This finding has now 
been extended to other arowatics--phenanthrene, naphthalene and diphenyl,*- which are 
solids at room temperatures. Naphthalene and phenanthrene were run in ball-on- 
cylinder tests at 300F, along with 1-and 2-t*ethylnaphthalene and Bayol 35 aa 
reference. All the condensed-ring aromatics scuffed badly (Table VI), as evidenced 
by large wear scars on the balls, noisy chattering during the test, and deep vt.r 
tracks on the cylinder. As before, the addition of moisture (wet ergon or >*t air) 
eliminated the scuffing. Fig. 10 shows the difference in the Talyaurf traces of 
the veer tracks for 2-methylnaphthaleoe in the three atmospheres. The run In dry 
argon shows the unmistakable deep wear track associated with scuffing, whereas the 
tracks in wet argon and wet air are barely discernible. 

Diphenyl, which is not a condensed ring aromatic, behaves in an Inter¬ 
mediate fashion. In the b*ll-on-cylinder teat in dry argon at 175F, diphenyl 
scuffed at 240$, better than the 60g for l-atehylnaphthalene, but worse then the 
more-than-lOOOg for Bayol 35 (Table VII). This behavior does not extend to the 
single-ring aromatics: At 77F, bensene did not scuff u? to the 4000g limit of the 
machine, whereas iso-octane (2,2,4-trimethylpentane) scuffed at B^Og. Not* that 
Iso-octane was better thau 1-machylnaphthalena in spile of itc much lower viscosity 
snd higher volatility. 

In the vane puap, however, 1-nethylnsphthslene would not scuff In dry 
nitrogen even at * load (outlet pressure) of 400pai (Table VIII). There was 
almost no wear snd vary little roughening of the surface. Apparently, the unit 
loads obtalnsd in the v*n* pump are very modest compared to those in the bell-oo- 
cyUnder test, and euch lower than those In the four-bell test. 
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TABLE VI 


W& AR OF POLYNUCLEAR AROMATICS AT 3C0F 
(Ball-on-Cylinder Testa, lOOOg, 240 rpm, 32 min, 523.00 Steel) 




Dry Argo n 


Wet Argon 


Wet Air 


Wear 


Wear 


Wear 


Aromatics 

Severity 

WSD, mm 

Severity 

WSD, mm 

Severity 

WSD, t 

Maphthaiene 

Severe* 

(8.1) 

1.45 

— 

— 

Mild 

0.69 

Phenanthrene 

-- 

2.70 

— 


-- 

— 

Bayol 35 

Mild 

0.35 

~ 

— 

-- 

0.91 

1-Kethylnaphthalene 

Severs* 

(5.0) 

1.87 

Mild 

0.61 

hild 

0.48 

2-Methylnaphthalene 

Severe* 

(8*1’/ 

1.44 

Mild 

0.92 

Mild 

0.45 


* Chattering during runs and very obvious scuffing marks on the cylinder. Data 
in parentheses are computed wear volume in am3 on the cylinder based on Taly- 
surf profile Measurements. 
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FIGURE 10 - TALYSUR? PROFILE OF 2 - METHYLNAPHTHALRNE IN BALL'ON-CYLINDER TESTS 
(lOOOg, 240 rwn, 300F, 32 air, 132100 Ste«l) 








TABLE VII 


SCUFFING OF AROMATICS 
(Ball-on-Cylinder Test: Dry Argon) 


Scutf Load, e 


Hydrocarbon 

77F 

175F 

l-Mcthylnaphthelene 

400 

60 

Diphenyl 

— 

24C 

Bayol 35 

>4000 

>1000 

Baneenc 

>4000 


2,2,4-Trimethylpentane 

800 

-» 
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TABLE VIII 

VICKERS VANE PUMP TESTS ON 1-METHYLKAPHTKALENE IN NITROGEN 


Pressure, paig 400 370 

Pumping Rate, gpm 0.39 1.07 

Volume Erficiency, 7. 22 59 

Wear, mg 

Wt. Loss of Vanes 1 1 

Wt. Loss of Ring 0 2 

Surface Roughness, /i inch 

Vanes, Initial 8 7 

Vanes, Final 5 7 

Ring, Initial 15 11 

Ring, Final 14 11 
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2. Condensed-Ring Aromstlca Reduce 
Scuffing In Blende With Paraffins 

Previous work had shown that condensed-ring aromatics when added tc a 
paraffinic fuel would reduce wear under non-scuffing conditions. Their ability to 
tiedoee scuffing has been found to toe equally dramatic. Fig. 11 shows the result 
6f four-ball teats carried out in wet air. The addition of 1-methylnaphthalene to 
tit* paraffinic Bayol 35 gives an increase in scuff load from 6kg to 60kg. Further- 
• 0 »e, this -effect is noted at ail atmospheres and is truly synergistic as noted in 
X*bla XX* Sven in dry ergon, where pure 1-methylnaphthalene is so prone to scuf¬ 
fing, when blended with Bayol 35 it Increases the scuff load five-fold. 

?!hla aatlscuff property of aromatics is a characteristic of all aromatics, 
although not all aromatics are equally effective. Also, they are effective even at 
IX concentration as shown in Table X. In these teats, the four-ball machine was 
tun at increasing loads until the friction was so high that the overload-trip would 
•hut If f the no tor. It was found that IX of 1-methylnaphthalene increased the 
"aai«u*a M load from 10kg to 50kg, that tetralin (tetrahydronaphthalene) was about as 
^jewd, and that quinoline (a condensed-ring heterocyclic nitrogen compound) waB even 
hatter. la contrast, the condenaed-rlng aliphatic, decalin (decahydronaphthalene) 
had no affect whatsoever. 

The seme antiscuff effect was found at higher temperatures (Table XI). In 
dry argon, Bayol 35 scuffed at 3kg. The addition of 5% 1-methylnaphthalene or 
ittdene Increased the scuff load to 10kg. In wet air, the effect was even greater. 
Bayol 35 scuffed at 1 kg, whereas the aromatic blends increased this to 20kg. 

These data give further support to our earlier findings that the heavy 
erometlca in coeasercial fuels are responsible for their good lubricity, end that 
their remova l in making highly-refined fuels is responsible for the poorer friction 
and wear properties of these fuels. 

3. Olefine 

Olefine have also been found to have some effect on wear, although the 
effect is cot nearly as striking as that of the condenaed-ring aromatics. The mono¬ 
olefins, such as dcdecens-1, ere relatively Ineffective, but the diolefine ere much 
better. 


The seme pattern holds for their antiscuif behavior. A aeries of four- 
bell tests were carried out in dry ergon end wet air at 77F end 2A0F on 51 olefin 
blends in Bayol 35. Baeults ere given In Tables XXI end XIII, end summarised in the 
table below. The best of the olefins is allyl bensene, which gave a scuff load of 
3$*!eg under all conditions. The chemical structure of this compound closely re¬ 
combine that of lndene, which was shown in the preceding section to be very good also. 



laden* AUylbenaeoe 


• 30 






WEAR SCAR DIAMETER, mm 
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FIGURE 11 - AROMATICS INCREASE LOAD-CARRYING CAPACir/ 
OF PARAFFINS--FOUR-BALL TESTS_ 
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TABLE IX 

SYNERGISM OF AROMATIC/PARAFFIN 
BLENDS IN SCUFF PROTECTION 

(Four-Bail Teats, 1200rpm, 77F, ISmin, 52100 Steel) 


l 1-Metbylnaphthalene _ Scuff Load, kg 

In Bavol 35 Dry Argon Dry Air Wet Air 


0 

12 

9 

6 

30 

60 

60 

60 

100 

<3 

£ 

25 
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TABLE X 


AROMATICS PREVENT SCUFFING AT 1% CONCENTRATION 
(Four-Ball Tests: 1200rpm, 77F, wet air, 52100 Steel) 


Aromatic In Bavol 35 

Seizure Load*, ke 

None 

10 

1% 1-Methylnaphthalene 

50 

1% Tetralin 

45 

1% Quinoline 

>50 

17, Decalln 

10 


* Load at which overload-trip shut off motor 
because of excessive friction. 
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Scuffing Of Olefin Blends 



Four-Ball 

Scuff Load, kg 


Relative 

Olefin (5 wt7.) 

77F 


240F 


Oxidation 

in Bavol 35 

Dry Argon 

Wet Air 

Dry Argon 

<3 

Wat Air 

Rate 

None 

10 

<5 

<3 


Dodecene-1 

- 

- 

5 

3 

t ■ 

Allylbenzene 

30 

>30 

>30 

>30 

4 

a-Methylstyrene 

15 

20 

10 

15 

1160 

2-5-Dimethyl-1-5 

20 

20 

10 

>30 

2.6 

hexadiene 

2-5-Dimethyl-2-4- 

15 

15 

10 

15 

26 

hexadiene 

Vinylcyclohexene 

15 

15 

IQ 

15 

350 


It had been previously felt that the lubricity of the olefins was correlated with 
their ease of oxidation, and in a sense this is true. But the correlation between 
scuff load and oxidation rate is rathrr poor, as shown from the last column of the 
above table. The oxidation rates were estimated by Boland's empirical rule (3). 
Also, the olefins were effective under dry argon, where oxidation would be impos¬ 
sible. Hence the lubricity of olefins is due to something more than their 
susceptibility to oxidation. 

On the other nand, the above table shows that in air the olefin blends 
give higher scuff loads at 240F than at 77F, whereas in argon they are better at 
77F than at 240F. That is, the olefins are able to overcome the pro-scuff effect of 
temperature, provided air is present. This does look like an oxidation effeet. 

There is an interesting relationship between resonant and non-resonant 
isomers. Note in the table below that 2,5-dlmethyl 1-5 hexadiene (non-resonant) !• 
better than 2,5-dimethyl 2-4 hexadiene (resonant) and that allylbenaene is better 
than a-methylstyrene. 


olefins (51 In Bayol 35) 

Scuff 

In ATk'Hi 

At 240F, kg 
In Wet Air 

None 

3 

1 

2-5 Dimethyl-2-4 hexadiene 

10 

15 

(C-C-C-oi-C) 

2-5 Diaethyl-1-5 hexadiene 

10 

> 30 

(OC-C-C-fr-C) c 

a-Methyl Styrene ( (o^ C«C) 

10 

15 

AUyl Bensene ( (O^ C-OC) 

30 

> 30 


37 - 





A more detailed comparison of the teat resul ts for 57. allylbenzene and 
Ot-metbylstyrene Is shown in ?ig. 12. 

A further study on the effect of oxidation or wear and scuffing is re¬ 
routed la Table XIV. Ball-on-cylinder testa were made on dodecane (alkane), dodecene 
(olefin), and indene (aromatic) at 240g load. There hydrocarbon* were redistilled 
chemical reagents; the dodecaue was further purified by passing through the silica 
gol column before the test. A series of tests was carried out on each hydrocarbon 
in the following sequence: (1) a b< 1-on-cylinder test in argon or air at 77F, 

(2) heat to 30CF in argon, (3) s ball-on-cylinder teat on the same sample in argon 
or air at 300?, (4) cool to 77? in atgcn, and (5) a repeat tall-on-cylinder test 
at 77? in argon or air. 

In air, dodecane gave higher wear at 77F than ae 300?. This clearly 
indicates the oxidation effect as evidenced by the lower wear in the repeat run 
at 77? and the increase of Neut. No. in the sample after tests. Iki argcn, indene 
g«v» nigh wear at 77P and caused scuffing at 300?--in a ncnoxidizing atmosphere 
_he wear became more severe at a higher temperature. It it; also noteworthy that 
he oxidation of indene at 300? did not change its poor lubricity as shown ir. the 
epeat run at 77?. 

It ia well-known that there are two possible cays for the propagation 
of the alkyl peioxy radical in autoxidation of hydrocarbons, namely> 

ROD* + RH -RQOI’ + R* '1> 

”00» + C-C-R000 - C* (2) 

For dodecane. Reaction (1) is the only possible step, and tbe prodiit of the oxi¬ 
dation is mainly carbonyls such as a carboxylic acid that may adsorb on the surface 
to foru « protective film. For indene. the propagating step has been found mainly 
to be Reaction (2), and the major product after oxidation is a copolymer with the 
oxp-en (4), The oxy-polymer has been found to be: 



Thia polymeric fU y be formed in the centre., region to give wear protection in 
tne presence of oxygen. However. thf.c does not explain why indene has such poor 
antiecufflag properties in tbs ti.'H place. 

It is evident that a jreat deal raers needs to bs learned about the 
relationship between structure, reactivity and lubricity of hydrocarbons. The 
broad farts have been delineated in this work, but the reasons for their behavior 
are still unknown. 

From the practical standpoint of jet-fuel quality this information may 
not be pertinent. In order to get tbe high thermal stability required for super¬ 
sonic aircraft, the f .els must be highly refined. In particular, the olefine, 
sulfur compounds and nitrogen coEpovmds--including heterocyclics'-must be removed. 
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WEAR SCAR DIAMETER, MM 






IN WET AIR 


0.4 h IN ARGON 


o v 5% ALLYL BENZENE (®CHCH 2 =CH 2 ) 
a a 5 % a -METHYL STYRENE (<0) C(CH,)=CH 9 ) 

J a l a I <5 4 


LOAD, KILOGRAM 


FIGURE 12 - COMPARISON OF SCUFFING LOAD BETWEEN 
Ct-METHYL STYRENE AND ALLYL BENZENE 
(FOUR BALL TESTS - 12Q0RPM. 15MIN. 24OF) 








Dodacana Dodacana Indene 


Hesuenee of Test 

CoFr 

WSP. ®a 

ZsEl 

WSD, ran 

CoFr 

USD. nan 

1. 77F, Av;gon 

C.16 

0.23 


0.28 

0.15 

0.85 

Air 

■» m 

0.67 

m «* 

0.3C 

0.13 

0.35 

2* 300F, Argon 

0.14 

0.30 

0.11 

0.35 

irk 

0.87* 

Air 

0.22 

0.3C 

0.14 

0.32 

0.22** 

0.38 i 

3. 777, Argon 

0.17 

0.33 ' 

0.12 

0.29 

0.18** 

0.80 j 

Air 

0.17 

0,35 

0.11 

0.29 

0.17 

0.33 


Final Neut No, 

ppm KOH 162 216 83 


* Test stopped at 4 minutes due to excessive friction and chattering. 
** Friction reading erratic. 


40 - 










Btf*' . 


In thi3 process, Che condensed-ring aromatics are also taken out. The resulting 
fuel consists almost entirely of paraffins and cycloparaffins and has poor lubricity. 
Although the lubricity could be restored by adding condensed-r^ng aromatics without 
Impairing the thermal stability, it is probably easier and cheaper to do this with 
lubricity additives. Tha use of condensed-ring aromatics does have the advantage 
of giving a higher-density fuel (more BTU/gallon) and less problems with water emul¬ 
sions, but runs into the danger of poorer lumlnometer number. 

C. Sulfur Compounds 

Wear tests had previously shown that sulfur compounds of the type and in 
the concentration found in jet fuels were ineffective lubricity agents. To see if 
they were good antiscuff agents, some additional tests were run. 

1. Ball-On-Cylinder Tests 

Three organic culfur compounds, thiophenol (a mercaptan), dioctyl sulfide 
and dibenzyl disulfide, were tested in the ball-on-cylinder rig at lOOOg load using 
FW-523 as the base fuel. The concentration for thiophanol was 30ppm S which is 
above the allowable limit (lOppm) for mercaptan sulfur in jet fuels. The concentra¬ 
tion for sulfides was lOOppm S, the sulfur content of most jet fuels. Thiophenol and 
dioctyl sulfide did net Q haw any antiwear and antiscuffing effect as shown in Table 
XV. The disulfide showed some antiscuffing effect in that the runs at 16QF (but not 
240F) ran without any chattering noise and no severe wear was measured on the cylinder. 
However, the difference of wear scar diameters was not significant. 

2. Four-Ball Tests 

In the four-ball test three types of sulfur compounds (mercaptan, sulfide 
and disulfide), e^ch combined with one of three different organic groups (alkyl, 
benzyl and phenyl), were tested at 77F in dry argon and wet air. The concentrations 
were 50ppm as S for mercaptcus (above the maximum allowable by specification) and 200 
ppm as S for sulfides (a typical concentration). 

The results are presented in Table XVI and summarized below. 


Effect of Sulfur Compounds On Scuffing 


Scuff Load, ks 


Alkyl 

Benzyl 

Phenyl 

Base Fuel 



In Argon 



-SH 

-S- 

-ss- 

-SH 

10 

10 

10 

10 

15 

10 

10 

15 

15 

10 

10 

10 


In Wet Air 
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TABLE V t 

EFFECT OP SULFUR COMPOUNDS OH BR WF1HG 
(Ball-on-CMinder Testa, lOOOg, 240 rpm, 32 min, 52100 Steel) 

Base Fuel: ^-523 




Dry Argon 

Dry Air 

Wet 

Air 

Additive 

Temp. 

°F 

Hear 

Severity 

WSD. ran 

Hear 

Jeveritv 

WSD. mm 

Wear 

Severity 

WSD. mm 

None 

160 

Mild 

0.28 

Severe* 

(1.2) 

1.05 

Severe* 

(1.7) 

1.09 


240 

Mild 

0.2S 

Severe* 

(2.2) 

1.09 

Severe* 

(2.6) 

1.17 

50 ppm S as 
Thiophenol 

160 

Mild 

0.42 

Severe* 

(0.64) 

0.92 

Severe* 

(0.9) 

0.94 


240 

Mild 

0.41 

Severe* 

(1-05) 

1.10 

Severe* 

(1.7) 

1.20 

100 ppm S as 

Dloctyl Sulfide 

160 

Mild 

C.28 

Severe* 

(0.97) 

1.06 

Severe* 

(1-7) 

1.14 


240 

Mild 

0.35 

Severe* 

(1.6) 

1.14 

Severe* 

(2.3) 

1.22 

100 ppm S as 
Dibenzyl Disulfide 

160 

Mild 

0.39 

Mild 

0.86 

Mild 

(0.07) 

0.92 


240 

Mild 

0.28 

Severe* 

(1.3) 

1.05 

Severe* 

(1-6) 

1.02 


* Chattering during runs and very obvious scuffing marks on the cylinder. Data in 
parentheses are computed wear volume in ram-* 0 n the cylinder based on the Talysurf 
profile measurements. 
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It will be noted that in wet air non* of th* sulfur compound* w*a effective. All 
gave large wear tear* at 5kg, and the sulfide* and disulfide* also gave high fric¬ 
tion indicative of scuffing. This is in agreement with our conclusion based on 
wear data: sulfur compounds in jet fuels are not responsible for differences in 
lubricity observed in the field. 

The data in dry argon, however, are different and are rather intriguing. 
Ml the sulfur compounds eliminated scuffing at 5kg and th* wear scars were very low. 
Thus, these compounds are lubricity agents when oxygen and water are absent. In 
this respect they arc similar to the condensed-ring aromatics. 

The behavior of these sulfur compounds also has some Interesting 
theoretical aspects. Unlike the lubricity additives, the sulfur compounds have 
very little effect in wet air. Apparently their antiscuff effectiveness cannot 
function when water or oxygen are present. This implies either a competition for 
th* surface between the sulfur compounds and oxygen/water (a competition which the 
sulfur compounds lose) or a complex reaction Involving the sulfur compound, the 
steel surface, oxygen and water. This latter seems more likely for, as noted 
earlier, the sulfur compounds are pro-wear agents under non-scuffing conditions. 

Th* same effect was Jted in these experiments and is summarized in the table 
below. 


Effect Of Sulfur 
Compounds On Wear At 1 kg Load 


_ '..car Scar Diameter, mm _ 

In Argon _ In Wet Air 


Sulfur Compouod 

-SH 

-S- 

-SS- 

-SH 

-S- 

-SS- 

Alkyl 

0.20 

0.20 

0.20 

0.60 

0.53 

0.57 

Benzyl 

0.17 

0.18 

0.18 

0.47 

0.58 

0.58 

Phenyl 

0.20 

0.18 

0.27 

0.50 

0.45 

0.57 

Base Fuel 


—0.20— 



— 0.47— 



In wst: air, there is a definite increase in wear particularly for the disulfides 
and the alkyl mercaptan. 

One other peculiarity of the sulfur compounds was noted. When scuffing 
occurred in dry argon it was sudden and catastrophic. Friction was so high as to 
cause "seizure" (the overload trip to the motor would stop the test). In wet air, 
scuffing would occur as evidenced by high and erratic friction and a large wear 
scar, but "seisure" would not occur until several load increments higher. This 
behavior is illustrated in Fig. 13. In general, it can still be concluded that 
sulfur compounds play little part in the lubricity of jet fuels. 
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FIGURE 13- EFFECT OF DIBUTYL SULFIDE ON SCUFFING 
(FOim BALL TESTS - 1200RPM, 15MIN, 77F) 










ser. 




D. Lubricity Additives 

Icvcrcl lubricity additives had been evaluated earlier and many were found 
to be quite effective in reducing wear. One of the best was oleic acid. Also eva¬ 
luated were tricresyl phosphate (TCP) and zinc dialkyl dithiophoaphate (EnDDP), two 
weli-lttidWB antlwecr additives, and a series of proprietary materials coded ER-1, ER-2 
etc* IK-1 has bad soma field experience In test engines; it has been used at rela¬ 
tively high concentrations, 0.1%. KR-3 was developed expressly as a jet fuel lubricity 
additive. It ie effective at concentrations of 50ppm and even lower. 

1. Pour-Ball Tes ts 

The anttamff ability of faw lubricity additives at 50ppm in PW-523 is 
given in Table XVII. These tests were run at 240P. in argon, only ER-3 lied any 
appreciable effect on scuffing. It increased the scuff load from 1 kg to 4-5kg. 

Other addltive8--KR-1, ZnDJIF, and oleic acid--were ineffective. In wet air, the 
additives were someunat better. Pig. 14 shows that both oleic acid and ER-3 pre¬ 
vented ecuffing out no 15kg. SR-*. and InODP were much leas effective. Some scufring 
occurred with ZnDDP et loads as low as 2kg, bet tbs friction never became high enough 
Co cauaa seizure even at 7kg. 

However, et lOOOppm (0.1%) concentration all these additives shewed some 
antiscuff properties as shown in Table X77.II. A conperison of scuff loads for these 
additive* at two different concentrations is given below. 


Pour-Ball Scuff Load, kg 
(Base Puel: PW-523) 

Dry Argo n_ Wet Liz _ 

Additives 50ppm lOOOppm 5 0ppm lOOOppm 


None 

1 



0.5 

ZnDDP 

2 

10 

2 

20 

Oleic Acid 

3 

10 

20 

> 30 

ER-1 

2 

10 

3 

15 

PR-3 

5 

30 

20 

> 30 


It will be noted that all the additives are more effective in wet air than 
in dry argon. This is the same effect noted earlier with the naturally-occurring 
polar compounds found in commercial fuels. It is believed to be a reflection of the 
natural tendency of ell fuels to scuff less if oxygen and water are present. Both 
oxygen and water form oxides, which reduce adhesion and scuffing. In addition, the 
aiuple adsorption of water also tends to diminish scuffing. The reason that non- 
additive fuels scuff more readily in wet air is that corrosive wear plays an important 
part in the scuffing process: the presence of oxygen and water causes the formation 
of iron oxide which in turn causes abrasive wear and scuffing. The lubricity additives 
suppress corrosive wear and thus allow water and oxygen to fulfill their antiscuff 
function. Also, the additives themselves are more reactive with the surface when a 
full oxide leyer is prusent. 
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SOLID POINTS - SCUFFING 



FIGURE 14 - EFFECT OF ADDITIVES ON SCUFFING LOAD IN WET AIR 

(FOUR-BALL TESTS - 240F, 12Q0RPN, 52100 STEEL, 15 MIN 
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A second ir^ortant fact from the above table is that the scuff load in¬ 
creases as the concentration increases. This is different from the case of cor¬ 
rosive wear, where only SOppn was usually sufficient to eliminate the wear, and 
further increases in concentration had little effect. Again this is not surprising; 
scuffing is a dynamic condition in which the surface layer is continuously rubbed 
off and must reform before the next traverse. Higher loads cause the surface layers 
to be rubbed off faster, and this must be countered by a faster film formation, i.e. 
a higher concentration of additive available at the surface to react. 

Both of these facts are Illustrated In Figs. 15 and 16 which show the com¬ 
plete data for ER-3. In dry argon 50ppm ER-3 is only effective up to 3kg, whereas i 
wet air it is effective up to 15kg. Increasing the concentration to lOOOppm In¬ 
creases the scuff load in both dry argon and wet air. 


2. Ball-On-Cylinder Tests 

The effectiveness of ZnODP, ER-1 and ER-3, were also evaluated at a con¬ 
centration of 50ppm in ball-on-cylinder tests. The conditions (lOOOg load and 160- 
3uQF) were such that the base fuel, Ptf-523, would scuff. It will be seen (from 
Table XIX) that ER-3 prevented scuffing (chattering) at all temperatures, ER-1 at 
160F and 240F but not 300F, and ZnDDP only at 160F. Essentially, the same results 
were obtained in both dry air and wet air. There is a good correlation between 
scuff load at constant temperature (as determined in the four-ball rig) and scuff 
temperature at constant load (as determined in the ball-on-cylinder rig). 

An important observation is that high wear on the ball is not always 
accompanied by high wear on the cylinder. Note that at 160F, all additives gave 
zero cylinder wear (no scuffing), but the ball wear varied f tom 0.53 to 0.97. On 
the other hand, high wear on the cylinder is invariably accompanied by high wear 
on the ball. In other words, when scuffing occurs, wear j.s high on both surfaces, 
but when scuffing dots not occur only the ball shows measurable wear- By examin¬ 
ing both surfaces, it is possible to determine whether high wear on the ball Is 
due to scuffing or to normal corrosive wear. 


It is apparent that with 52100 steel all of these additives ace antiscufi 
agents to some degree. Mere data on the antiscuff behavior of additives is given 
in subsequent sections, particularly in other metallurgies. 


8, Effect Of Temperature 

Several examples have already been given showing that scuffing Is more 
severe at higher temperatures. Part of this may be because of reduced viscosity, 
but high temperatures would be expected to be harmful because scuffing Itself is 
cottideved to be surface-temperature phenomenon. 

1. Four-Ball Testa 

Table XX shews scuff loads at 77F and 240F for PW-523 and its blends with 
additives, ER-1 end EP.-3. It will be seen that the scuffing becomes more severe at 
higher temperatures. This is true for highly refined fuels as well ss fuels con¬ 
taining additives. 










SEIZED 







wear scar diameter, mm 















TABLE XIX 


ANTISCUFFING EFFECT OF ADDITIVES 
(Ball-on-Cylinder Tests, lOOOg, 240 rpm, 32 min, 52100 Steel) 




Dry Air 


Wet 

Air 

Additive 


Cylinder 

Ball 

Cylinder 

Ball 

in PW-523 


Wear, mni^ 

WSD, mm 

Wear, nm^ 

WSD, mm 

None 

160 

1.3 

1.05 

1.3 

1.09 


240 

2.6 

0.87 

2.1 

1.17 


300 

1.7 

0.93 

1.2 

1.10 

50 ppm 

160 

Nil 

0.85 

Nil 

0 70 

ZnDDP 

240 

1.3 

0.91 

1.3 

1.00 


300 

1.6 

1.14 

2.1 

1.17 

50 ppm 

160 

Nil 

0.80 

Nil 

0.95 

ER-I 

240 

Nil 

0.70 

Nil 

0.85 


300 

0.1 

1.13 

1.9 

1.07 

50 ppm 

160 

Nil 

0.53 

Nil 

0.70 

ER-3 

240 

Nil 

0.45 

Nil 

0.58 


300 

Nil 

0.55 

Nil 

0.53 



(Nil) 

(0.54) 

(Nil) 

(0.56) 
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TABLE XX 


TEMPERATURE 

EFFECT ON jCUFFINfi T.fUn 


(Four-Ball 

Tests, 

1200rpm, 

steel) 



__ 

Wet 

Air 

Additive in PW-523 

m 

240F 

77F 

240F 

None 

5 

2 

3 

0.5 

lOOOppm ER-1 

25 

10 

25 

15 

lOOOppm ER-3 

45 

30 

>60 

45 


2. Ball-On-Cyllnder Tests 


The determination of scuff load in the four-ball teat is a time-consuming 
operation, involving several separate tests. An alterantive procedure was to in¬ 
crease the load smoothly until scuffing occurred. The Roxana four-ball machine is 
ideally suited for this, for the load is applied pneumatically. However, this 
procedure was not satisfactory. Reproducibility was extremely poor and the scuff 
load was always far higher than obtained with the separate-test method. 

Another approach wae to run th: ball-on-cylinder test at constant load 
but to increase the temperature until scarfing occurred. Scuffing was evidenced 
by high friction and severe chattering noise. This technique was not entirely 
successful, but it revealed some interesting facts. 

The tests were carried out in dry argon only. The fuel sample was pre¬ 
heated to 120F, and during the test the temperature rose continuously at a rate of 
about 10°?/minute. If no scuffing had occurred at 350F, the test was stopped. The 
total test time was therefore about 25 minutes. 

Fig. 17 shows the behavior of Bayol 35 in this test. At 240g, no scuffing 
was obtained up to 350F. At 2000g and 4000g, scuffing was complete as soon as it 
occurred at all. However, at lOOOg the scuffing behavior was intermediate: friction 
rose somewhat more slowly, and then leveled off before final failure. This run was 
then repeated, but the test was stopped at the high friction level before failure. 
Fig. 18 is a photomicrograph showing the difference in the appearance of the wear 
scar showed welding and metal transfer. When the test was stopped before failure, 
then was no sign cf welding or metal transfer. 

A plot of scuff temperature vs. load (Fig. 19) shows that scuff tempera¬ 
ture decreases smoothly as load increases. 

Additives were also tested in this wanner, using a load of 4000g. Rest.Its 
are given in Table XXI. Those additives that gave a higher scuff load in the four- 
ball tester also gave a higher scuff temperature in the ball-on-cylinder device. 

ER-3 was best, showing no failure. A photomicrograph of the wear scar from this 
run Is also shown in Fig- 18. The other additives were in the order oleic acid, 
ZnDDP, and ER-1. It is noteworthy that whereat ZnDDP and ER-l showed no effect on 
scuff load ir the 4-ball teat, they did show some effect on scuff temperature. 

It may be that this procedure is more sensitive in picking up small differences, 
or it could be that this is due to a fundamental difference ir. the test procedures. 

In the scuff temperature test, the additive has e longer time to establish a pro¬ 
tective film. 

Of the hydrocarbons used as additives, methylnaphtl,*!ene shoved no failure, 
while dodecene was entirely Ineffective. 

rwc- Sulfur compounds were also examined: 170ppm of thiophenol (SOpjjts at S) 
showed some effect, hut 550pp<n of butyIdisu 1 fide (200ppa as S) was as good as 50ppW 
oleic a.id. Earlier data had shown that butyId l*uIfide was not effective in reducing 
wear at room temperature. 

J. V ane Pump tests 

Vickers vane pump teats on Bayol 35 at 3OOF are •omp«r» i d in Tablr XXII With 
those at 2«0F previously reported. In these tests, an attempt wa» evade to offset 
'.he pro-scuff effect of the Icvrrcd viscosity caused by the increase In temperature 
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TABLE XXI 





ADDITIVE EFFECT ON SEIZURE TEMPERATURE 

(Ball-on-Cylind’r Tests--4000g, 240RPM, 
Argon, Steel-on-Steel) 

Base Fuel: Bayol 35 


Cylinder 

Nc. 

Additive 

Seizure 
Temperature 
°F • 

Run Time 
Min. 

136 

None 

177 

5 


50ppr; ZnDDP 

260 (285) 

14 (15) 


50ppm Oleic Acid 

32S 

19 


5Cppm ER-1 

265 

11 


50ppir ER-3 

>350 

27 

137 

None 

160 

3 


5% Dodecere 

185 

5 


5X 1 Methylnaphthslene 

360 

25 


57. Indene 

310 

22 

140 

None 

195 

5 


50ppra S as Thiophenol 

252 

13 


200ppm S as ButyIdisulfide 

330 

18 
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TABLE X?II 

VIGORS VAS E ?yMF f&RFQBMANCE OF BAYOL 35 AT HIGH T&MfERATORBS 



Dry Nit; 

roge.* 

Wet Air 


(24 Hr. 

Runs) 

(4 Hr. 

Runs) 

Sow? Temperatuie, *F 

240 

300 

240 

300 

Pressure, paig 

ISO 

125 

ISO 

125 

Viscosity, cp at suap 
temperature 

0.60 

0.43 

0.60 

0.43 

PuaplEu; Fete, gpa 

0.49 

0.37 

0.27 

0.38 

Volume Efficiency, X 

27 

21 

15 

21 

Hear, mg 

Vi. Loss of Var.es 

1 

11 - 

22 

2 

Hi. Loss of Ring 

23 

144 

473 

19 

Sarfece Roughness, p inch 

Vanes, Initial 

2*0 

5 

11 

11 

Vanes, Final 

31 

77 

^200 

12 

Ring?;, Initial 

12 

11 

27 

11 

Rings, Final 

7 

41 

^200 

7 
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(0.60cp/240F vs. 0.43cp/300F). This was done by reducing the load (outlet pressure) 
from ISOpsi to 125psi. In dry nitrogen, the higher temperature ga-s higher wear. 
However, in tet air, wear was much more severe at the lower temperature. This is 
probably b« ause the higher temperature caused oxidation, and the resulting oxida¬ 
tion products were antiwear compounds. 

In none of these tests was true scuffing observed. The vane pump is wear- 
lie '.ted, not scuff-limited. 
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XV. OTHER M ETALLURGIES 


lusions for hard steel systems have been strengthened by studying 
otJwr metallurgies Bath as stainless steel, K-Mnnel and silver. Although these 
S-ysteBS snuff more easily and give higher wear than 52100 steel, the effect of such 
parameters as oxvgen/water content, fuel composition, additives and temperature are 
remarkably the came in all metallurgies. Some differences were noted, but these 
were exceptions rather than commonplace. 

A. Corrosive Wear Occurs with 
Corvesion-Resis t ant Metals 

Corrosive we*r is nut limited to easily-rusted metals. To the contrary 
It is found with nearly all metallurgies. Table XXIII presents data from four-hall 
teefs on elgnt different metallurgies, ranging from tungsten carbide to silver. 

The tests were carried out st very low speed, 2Crpm, in order to avoid scuffing- 
In every case, with the exception of silver, wear was higher in -?et argon than In 
dry argon, and still higher in wet air. That ia, with all metallurgies, water and 
oxygen accelerate wear. It is interesting to note that the stainlesa steels (SS-44GC 
and SS-302) are actually somewhat more prone to corrosive wear than the chrome-allov 
52100 stee?.. 

The explanation cf this lies in the nature of corrosion mechanism of 
stainless steels. They owe their corrosion resistance to the formation ;f a layer 
of the alloying element (e.g. chromium) at the surface. This layer prerr.nts the 
diffusion of iron atoms to the surface. However, the formation of the protective 
layer also proceeds by a diffusion process and this process takes time, 'n a rub¬ 
bing system, this lnyas is rubbed off even before it has a chance to fori. Hence, 
corrosive wear can take place just as easily with stainless metale as with ordinary 
steels. 

Note in Table XXIII that even tungsten carbide exhibits corrosive wear, 
Although this may he because of attack on the cobalt "cement" used to bind the 
tungsten carbide granules together, ‘stainless 302 shows corrosive wear at 1 kg 
liad, but appears to be at incipient scuffing in dry argon at 5kg as evidenced by 
the large wear scar (0.8?mm). Silver glues larg^ wear scois in ail chree atmos¬ 
pheres. The wear was no greater in wet air (0.53mm) than in dr” argvn (0.57nm). 

This could be because silver is very resistant to oxidation (.the fornation of silver 
oxide has a slight positive ftee-energy ot rcom temperature), and therefore does 
not undergo corrosive wear, or it could he th?t incipient scuffing ia occurring 
here, too. 

A cylinder of K-Monel was fabricated in order to run wear testa on this 
matal In the bail-on cylinder machine where scurfing is net such a problem. 

Table XXIV gives data for loads of 60 and 240g. As in -he f air-ball test, K-Monel 
shews increased wear with oxygen and moisture in the order: dry argon, dry air, 
wet air. Friction is also considsrctly h-'gh. r in wet sir-*-about 0.25 vs. Q.io'in 
the other two atmospheres. This confirms tne pro-wear effect of humid air on cor¬ 
rosion resistant metals. 






T ABLE XXIII 

CORROSIVE WEAR IS OBSERVED 
WITH NEARLY ALL METALS 

(Four-Ball Tests: 28rpm, 15min, 77F, Bayol 35) 


Wear Scar Dlatnoter, mm 




1 kg load 



5kg load 



Dry 

Wet 

Wet 

Dry 

Wet 

Wet 

Metallurgy 

Argon 

Argon 

Air 

Argon 

Argon 

Air 

Tungsten Carbide 

-- 

-- 

— 

0.20** 

— 

0.33** 

52100 steel, R c 60 

0.20 

0.20 

0.37 

0.20 

— 

0.53 

52100 steel, Rc44 

-- 

— 

-- 

0.23 

0.25 

0.50 

52100 steel, R c 25 

0.21 

0.27 

0.37 

0.43 

-- 

0.53 

SS-440C 

0.17 

0.20 

0.42 

... 

— 

— 

SS-302 

0.23 

0.23 

0.50 

0.87 

— 

0.62 

K-Monel 

0. 33* 

0.36* 

0.49* 

— 

— 

— 

Silver 

* 960 minutes. 

** 960 minutes, 20kg. 

0.57 

0.77 

0.53 
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TABLE XXIV 
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rr 


5 













B. Scuffing Occurs Readily with tlie 

Softer, More Corrosion-Resistant Metals 

Four-ball tests with these light jet fuels on the softer, corrosion- 
resistant metals frequently give scuffing, even at the lowest loads obtainable on 
the machine. Stainless 302, for example, scuffs at lower loads at 77F than 52100 
steel does at 240F: 


Scuff Loads of Two Steels 



Temp. 

Scuff 

Load, kg. 

for Bayol 35 

Steel 

°F 

Dry Argo 

Wet Argon 

Dry Air Wet Air 

Chrome-alloy 52100 

240 

2 

3 

20 1 

Stainless 302 

77 

<1 

3 

5 <1 


More complete data on SS-302 are given in Table XXV. 

1. Stainless Steels Scuff Easily in Wet Air 

Note from the above table that the effect of atmosphere is the same with 
both steels. The presence of either moisture (wat argon) or oxygen (dry air) re¬ 
duces scuffing Oxygen is particularly effective. However, the combination of the 
two (wet air) causes scuffing to occur even more easily than does dry argon. As 
already discussed, the scuffing in wet air of 52100 steel is believed to be caused 
by the abrasive action of iron oxides cutting through the surface films. That is, 
this scuffing is induced by heavy corrosive wear and stainless steels are apparently 
just aa subject to it. This is another indication that steels which can prevent 
static corrosion cannot prevent corrosive wear. 


2. Soft Steel and Other Metallurgies are 
Resistant to Scuffing in Wet Air _ 

Not all metallurgies show high scuffing in wet air. K-Monel, for example, 
scuffs less in wet air than in either dry air or wet argon (Table XXVI). The anti¬ 
scuff properties of oxygen and water appear to be additive in this case. The same 
ia true for softened 52100 steel. Data are summarized below: 


Four-Ball Scuff Load, kg, 
_ for Bayol 35 _ 


Atmosphere 

K-Mcmel 

Soft 52100 

Dry Argon 

<1 

7 

Wet Argon 

4 

10 

Dry Air 

2 

20 

Wet Air 

>10 

25 
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TABLE XXV 

EFFECT OF ATMOSPHERE ON SS-302 
(Four-Ball Teats: 1200rpm, I5min, 77F, Boyol 35) 


Scar Diameter, n m 



Dry Argon 

W*.C Arson 

T>rv i lr 

Wet Air 

1 

* 

0.27 

0.30 

* 

2 

★ 

0.28 

0.30 

>r 

3 

* 

* 

0.28 

* 

4 


* 

0.33 


5 



* 



* Scuffed--high erratic friction trace. 


1 
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Apparently with these metals the oxitie products formed in wet air do not cause 
Sufficient abrasion to bring on scuffing. Etnce, the formation of the oxide layer 
simply protects cgainst scuffing. Fig. 20 is a photomicrograph of the wear scars 
obtained in dry argon (scuffing) a.*d in wet air (non-scuffing). 

3. Polar impurities Give 

Ambiguous Sc ufflng Beh avior 

It was already noted in Section III that the presage of polar impurities 
(as found in commercial fuels) could suppress the corrosive effect of oxygen and 
moisture. In Chose cases where corrosive wear causes scuffing,ita suppression by 
polar impurities is belieficiel. Thus, RAF-176-04 was much better than Bayol 35 in 
its scuffing behavior on 52100 steel in wet air Kcw?ver, in the case of K-Monel 
and soft 52100 steel, the reaction of oxygen and moisture at the surface it helpfu.. 
in reducing scuffing. Hence, if polar impurities interfere with this reaction, 
they could be harmful. Thct is, polar impurities can have two opponing effects: 
they can adsorb on the surface to prevent wear; they can interfere with the adsorp¬ 
tion of oxygen and molstu-e. 

Table XXFII shows date for RAF-176-64 on K-honel. These data, along with 
those for tiayol 35, are pieaonfced graphically in Fig. 21. In wet argon, RAF-176-64 
is better than Bayol 35, whereas in wet air the raverse ie true. Apparently, the 
impurities in RAF-176-64 are more effective in preventing scuffing than is moisture 
alone, bit the combiuaticA cf moisture and oxygen is even more effective, ar.d the 
impurities in RAF-176-64 prevent them fror* their maximum effectiveness. 

This ambiguous effect is even more striking with soft 52100 steel. 

Figs. 22-25 compare Bayol 35 wltn PjVF- 176-64 in the four atmospheres, .and the scuff 
leads are summarized below. 



Four-Bell 

Scuff Load, kg 

Atmcsphcre 

Bayoi_35 

RAF-176-64 

try Argon 

7 

25 

Wet Argon 

19 

15 

Try Ai,r 

20 

29 

bet Air 

.5 

7 


The two fuels shew almost diametrically oppcolts. effects. Ir. this c« 3 e, the 
polar Impurities apparently so conflict with the oxygen «ad uoiuture that neither 
one i*a function effectively. Hence, sealting occur* dt L>» loads in wet air. That 
Is, ibs polar lawtitlsu appear te b« .pro-scuff agents, 'ihia sav.; effect will be 
noted lets? with lubricity additives. 

From fh, point of view of field experience, this phenomenon does not seem 
to be pertinent.. Apparently, scuffinp of this kind is not a problem in the field. 
At least, there are no reported cases whets iets-highly-refined fuels have shown 
poorer lubricity, as they did in these scuffing tests. 












TABLE XXVII 

4-BALL TESTS: K-MOSEL 
(1200roai. ISnln. 74P, RAF-176-643 


Veer Scar Diaaeter 


Load, kg: 

1 

3 

5 

7 

Dry Argon 

a 

a 

• 

- 

Hat Argon 

0.40 

0.42 

0.43 

a 

Drv Air 

0.«8 

a 

- 

- 

Vat Air 

0.55 

0-61 

-Coefficient 

0.63 * 

Of Friction- 

Load, kg: 

1 

3 

5 

7 

Dry Argon 

0.85** 

0.93** 

~ 

- 

Vet Argon 

0.25 

0.08 

0.07 

0.60** 

Dry Air 

U.12 

0.91** 

- 

- 

Vet Air 

0.12 

0.12 

0.11 

Off Scale 


A Scuffed 

** Friction erratic 
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FIGURE 22 - FUEL fYFE AFFECTS WEAR AND SCUFFING 
(FOUR BALL TESTS - 1200RPM, 15MTN, 
74F, R w 25 STEEL)_ 





INDICATES SCUFFING 



FIGURE 23 - FUEL TYPE AFFECTS WEAR AND SCUFFING 
(FOUR BALL TESTS - 1200RrM, 15MT.N, 
74F, Rf 25 STEEL_ 









FIGU&g 24 - FUEL TYPE AFFECTS WEAR AND SCUFFING 
(FOUR BALL TESTS - 1200RPM, 15MIN, 
74F, Sc 25 STEEL)_ 
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C. Condsased-Ring Aromatics are Good Antiscuff, 

Antiwear Agents in Other Metallurgies __ 

It had been previously reported that 1-methylnaphthalene scuffed easily 
It. dry argon, and further that mixtures of 1-methylnaphthalene and paraffins had 
exceptionally good lubricity in all atmospheres. Data were presented for both 
52100 steel and 440-C stainless steel. These findings have now been extended to 
other metallurgies, with substantially the same results (Table XXVIII). 

In the table below are summarized data on SS-302, K-Monel and silver in 

dry argon. 


Scuffing Behavior of Condensed* 
Ring Aromatics in Dry Argon 


(Four-Ball Tests: 

1200rpm, 

15min, 77F) 



SS-302 
(1 kg) 

K-Monel 

(3kg) 

Silver 
(1 kg) 

Bayol 35 

Scuff 

Scuff 

Scuff 

30% 1-Methylnaphthalene 
in Bayol 35 

0.25 

0.48 

0.78 

1-Methylnaphthalene 

0.82 

Scuff 

Scuff 


In each metallurgy, the performance of the paraffin/aromatic blend was 
superior to either component alone. Although the reason for this superiority has 
still not been discovered, it appears to be a property of the liquid and not a 
specific reaction between the hydrocarbon and a single metal type. The effect is 
particularly striking in the case of silver, for Bilver scuffs in all atmospheres, 
as seen in Table XVIII. The runs with the paraffin/aromatic blend, although giving 
somewhat high wear, were quiet and the friction traces were smooth. 

Some differences among metallurgies were found in their behavior with 
aromatics and paraffins as can also be seen in Table XXVIII. In wet air, K-Monel 
scuffs with methylnaphthalene, but not with Bayol 35. The reverse is true for 302 
stainless, which scuffs with Bayol 35 but not with methylnaphthalene. Other 
anomalies can also be found. However, the most important observation is that in 
every ca3e the 301 blend of methylnaphthalene in Bayol 35 gives no scuffing. 

Some higher temperature tests on K-Monel were carried out with aromatic/ 
paraffinic hydrocarbon blends. These results are shown in Table XXIX. In argon 
(wet and dry) both base fuels scuffed even at a low load of 1 kg. Apparently, 

.lie higher temperature offsets the effect of water in preventing scuffing in wet 
argon. In air, scuffing did not occur snd the wear was not too great. Oxidation 
of the fuel probably accounts for the reduced wear at the higher temperature. Both 
1-methylnaphthalene and inder.e are very effective as antiscuff agents. This is in 
agreement with data at 77F* Table XXIX also shows that indene exhibits high anti¬ 
wear activity in dry air. 



































D. Additive* are Not as Effective, and 
Sometimes tin Pro-Scuff Agents _ 

In general, it was found that lubricity additives, which were very effec~ 
tive for eteel-on-steei, varied in their effectiveness with other metallurgies such 
an K-Monel and silver. 


1. K-Monel 


The effect of several lubricity additives on K-Monel are shown in Table 
XXX. The most striking feature is that oleic acid is not an antiBCuff additive, but 
in fact Increases scuffing. This is summarized below: 


Scuff Load, kg 

Additive in Bayol 35: Nov »» 0.17. Oleic Acid 


Dry Argon 
Wet Argon 
Dry Air 
Wet Air 


<1 <1 


5 

3 

>5 


< 1 . 

3 

1 


Thie effect is similar to the comparison of Bayol 3b and RA7-176-64. The presence 
of polar additives apparently interferes with the antiscuff action of oxygen and 
moisture. Other acids, such as stearic and elaidic, show the same effect, as noted 
f in Table XXX. 

I The phosphate additives, trlcreayl phosphate and n-butyl acid phosphate, 

show a similar effect. Although TCP shows some antiscuff behavior in dry argon, 

| and both additives show some antiwear activity in wet air, they cause scuffing in 

? wet argon and wet air. 

t 

■ The lubricity additives ER-l and ER-3 are somewhat better. They do not 

’ show any pro-scuff tendency, and they have some antiscuff properties in certain 

! cages. At a higher temperature, 160F, ER-3 ia clearly superior to ER-l aa shewn 

jj in Table XXXI. It prevents scuffing in all atmospheres even at 50ppm, whereas ER-l 

‘ allows scuffing in dry argon and wet argon at lOOCppm. Again, note from the table 

that oleic acid ia a pro-scuff agent in wet air. 

The ability of several additives eo reduce corrosive wear with K-Monel 
ia shown in the table below. For this, the ball-on-cylinder apparatus was used. 


(See taole following pase) 








(4-Ball Teat, 1200rpw, 15*in, 77F) 



Scuffing - high friction and noise 






EFFECT OF LUBRICITY ADDITIVES AT 160? ON K-MOSUL 
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Effect of Additlvee on K-Mone l 

(Ball-on-CyUnder: 240rpm, 32min, 
77F, 240g, wet air) 


1 Additive in Bavol 35 

USD. am 

CoFr 

Non* 

0.52 

0.24 

0.1 ER-3 

0.18 

0.08 

0.1 Oleic Acid 

0.38 

0.12 

0.1 TCP 

0.28 

0.13 

0.1 ZnDDP 

0.31 

0-12 

0.1 n-Butyl Acid 
Phosphate 

0.37 

0.10 

30% 1-Methylnaphthalene 

0.25 

0.12 


found in the tour-ball tester, ER-3 is the most effective additive, but the 
other additives also show antiwesr activity. 

2. Silver 

Several additives were tested to determine their effectiveness as anti- 
scuff agents on silver. Table XXXII shows the results obtained with the four-ball 
tester. ER-3 was the best of the four tested — it eliminated scuffing in all 
four atmospheres. Oleic acid was an antiscuff additive in both wet and dry air. 
This is Just the opposite \o ita behavior .ith K-Morel, wtiere it was a pro-scuff 
additive. Apparently, silver ie eo inert that it does nos react significantly with 
oxygen or moisture, and so the oleic acid does not have a .ompetiag reaction. Unde 
these conditions, it is quite effective. 

Referring again to Table XXXII, ZnDDP was effective as an antiscuff 
agent in three out of the four atmospheres — it was ineffective in dry argon. 

Its effectiveness probably lies in the fact that it contains sulfur which can 
form silver sulfide as the antiscuff agent. 

Three of these additives were alco tested on the ball-on-cylinder machine 
using allver-un-silver. Table XXXIII shows that all were effective in preventing 
high friction, chatter, and excessive wear. Oleic acid was the most effective as 
indicated by the size of the wear scar end friction coefficient. This is alBo 
shown in a plot of friction vs. time (Fig. 26). Oleic acid immediately reduces 
friction and maintains it at a low level. On the other hand, TOP and ZnDDP shcr# 
a gradual rise In friction with time. Thaae results agree with previous steel 
data: in vet air oleic acid is more effective than Z:iDDP or TCP. More importantly, 
these data show that organic acids are rather effective additives even on an un- 
re active metal like silver* 

The work on metallurgy effects has added to Uie idea thet corrosive 
wear is a major v,ear process. Unlike static corrosion, it cannot be prevented by 
using so-called corrosion resistant aetala, but it can be controlled by using 
surface active agents in the lubricant. 







EFFECT OF ADDITIVES AS ANTISCUFF AC-ENTS 












IABLZ mm 

S7FE JI OF ADD KITES WITH SILVTx-ON-SILVER 
(Ball-cn-Cylinder! 240r?m 3 32ain v 77? 3 S^g, wet air) 


X Additive in Bevel 35 

USD (mu) 

CcFr 

Rote 

1.32* 

* 

0.1X Oleic Acid 

0.23 

0.097 

0.1X ZnDDP 

0.65 

0.46 

0.1X TCP 

0.75 

0.46 


* Test discontinued at 20e>in due to high friction 
and chatter. 








HIGH FRICTION 
AND CHATTER 



SILVER-ON-SILVER (BALL-ON-CYLINDER 
24QRPM, 60G, WET AIR, 77F)_ 
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V. ABRASIVE WEAR 


A third important mode of wear is by abrasion. This can be of two 
kinds: (1) If the surfaces are rough, the asperities of one surface can plow or 
scratch the other surface, (2) If hard particles (dirt or wear debris) are sus¬ 
pended in the liquid, they can become entrapped between the ruLbing surfaces and 
cause scratching. This latter kind is of most interest here. It is particularly 
critical if the surfaces are case-hardened, for then the initial wear will result 
in very hard wear particles. 


A short program was carried out in the Vickers vane pump to learn 
more about abrasive wear with jet fuels. From this work, the following conclusions 
can be drawn: 

e There is considerable evidence that corrosive wear triggers 
abrasive wear. 

e The increase in wear with increasing load appears to be 
largely due to an increase in abrasive wear. 

e The amount of abrasive wear is not linearly dependent on 
the amount of wear particles present, but requires a cer¬ 
tain mlniratm amount before wear becomes serious. 

a Abrasive wear is not correlated with Moh hardness, 
crystal structure or particle size of several metal 
oxides. 

• Abrasive wear can be controlled by additives. 


A. Abrasive Hear Is 

Caused By Corrosive Wear 

Abrasive wear and corrosive wear occur by two entirely different 
mechanisms. In corrosive wear, the iron is first oxidized end then rubbed off; the 
resulting debris is either an iron oxide cr iron hydroxide. In abrasive wear, the 
steel surfaces are mechanically attrited, and the resulting debris is largely iron. 
If it is postulated that the ratio of abrasive wear to corrosive wear is the ratio 
of unoxidized iron to oxidized iron, then a chemical analysis of the wear debris is 
an exact indication of the kind of wear occurring. 

Accordingly, two Vickers vane pump tests were run under identical con¬ 
ditions (90F and ^50psig), one in dry air and ona in wet air. The wear particles 
ware so fine that they could pass through the 20 u filter in the circulating system. 
The fuel after tests was filtered through a 5 u Millipore filter, washed with 
hexane, and dried. Microscopic examinations were made on these samples before and 
after filtration. 
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The results with optical microscopic examination is briefly summarized 
as follows: Some particles are black and do not transmit ligi.t. Others are semi¬ 
transparent and of an o.ange to brownish color, indicating the presence of Fe 203 
and/or Fe( 0 H) 3 . These appear to be aggregates of small particles. Some agglomer¬ 
ates are combinations of black and brown particles. The opaqueness of the particles 
makes it difficult to determine, with any certainty, if crystallinity exists. A 
sample was examined by X-ray diffraction. Only c*-Fe could be definitely identi¬ 
fied. The particles vary in size from an occasional large one, about 30 p in its 
longest dimension, to ones as small as 2 p. Even the smallest appear to be agglom¬ 
erates. The particle size that accounts for the bulk of the material is estimated 
in the 10-15 p range. 

Electron microscopic examinations were also made on both the Bayol 35 
before and after pump tests and the filtrate from the Millipore filter. The micro¬ 
graphs are shown in Figs. 27-29. The filtrate, although appearing clean by visual 
observation, still contained a considerable amount of very fine particles of <2 n 
size. 


Chemical analyses were made on these wear deoris. The iron of various 
val nee states was analyzed by an unpublished procedure developed at Esso Research. 
The oxygen was analyzed by neutron activation. The carbon and hydrogen analyses 
were by the IKA Microcombustion method. The results are shown in Table XXXIV. The 
composition cf oxides, as shown in Table XXXV was estimated by solving three 
simultaneous equations which were formulated by the Fe+3, Fe+2 and 0£ balances and 
assuming the iron hydroxide to be either Fe( 0 H )3 or Fe( 0 H> 2 * The computed % H 
agrees well with the analytical results. The Fe-distributinn in wear debris, as¬ 
suming it contains Fe( 011 ) 3 , 18 summarized below: 


In Wet Air 

In Dry Air 

% Bv Weight % Distribution 

% Bv Weight % Distribution 


Fe 

59.1 

65.0 

71.1 

77.1 

FeO 

11.6 

12.7 

10.0 

10.9 

Fe 2 0 3 

7.6 

8.4 

6.9 

7.5 

Fe(CH ) 3 

12.6 

13.9 

4.1 

4.5 

90.9 

100.0 

92.1 

10C.0 


It will be seen that oxidation is greater in wet #ir than in dry air. About 30% of 
the wear debris wes in oxides in wet air, and only 20% in dry air. In particular, 
the amount of iron hydroxide is greater. It is also noteworthy that the msjority of 
tha wear i« an unoxidized iron, the ratio of iron to iron oxides being 2-3 to 1 , 
indicating the importance of abrasive wear when iron oxide particles are present. 

This abrasive wear is clearly triggered by corrosive wear, since it does not occur 
under an inert blanket. 

The effect of temperature is also unequivocal. When tests were run at 240F 
or 300F in dry nitrogen, vory little wear occurred, as already seen in Table XXII. 

The absence of oxygen and water precluded corrosive wear and this precluded abrasive 
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FIGURE 28 - ELECTRON MICROGRAPH OF BAYOL 35 AFTER A 
PUMP TEST AT 350 PSIG IN WET AIR--70Q0X 
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FIGURE 29 - MICROGRAPH OF FILTRATE FROM 5 )i MILLIPORE 
FILTER FOR BAYOL 35 AFTER PUMP TT.ST-- 7000X 
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TABLE XXXIV 


ANALYSES OF WEAR DEBRIS FROM PUMP TESTS 

Sample From a Pump Test Sample From a Pump Test 

at 350 psig, 90F at 350 psig, 90F 


Analyzed Items 

in Wet Air 

in Dry Air 

Fe° 

59.1 ''j 

71.0 ’'j 

Fe +2 

9.0 ) 80.0 

7.8 >85.' 

„ +3 

f 

[ 

Fe 

11. 9J 

7-1 J 

Total Fe (By Analysis) 

80.4 

84.8 

Oxygen 

10.5 

6.1 

C 

7.0 

7.0 

H 

0.2 

0.1 
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TABLE XXXV 

ESTIMATED COMPOSITION OF IRON OXIDE IN WEAR DEBRIS 


Jet Air 

Aaataaed to Contain Fe(OH)^: 


FaO 

IXh 


3 


Aaatsaed to Contain Fe(OU) 2 : 


FeO 

£& 


2 


3rv Air 

Assumed to Contain Fe(OH> 2 : 

FeO 
r*20j 
Fe(OH)j 


Ar:isned to Contain Fe(OH),: 


Percent 


Percent 

Fe 

h* 

f+ 

u» 

0 

11.6 

9.0 


2.6 

7.6 

-- 

5.3 

2.3 

12.6 


6.6 

5.7 

32.0 

9.0 

11.9 

10.6 


0 

-- 

-- 

-- 

17 

— 

11.9 

5.1 

15.2 

5.4 


4.6 

32.2 

9.4 

11.9 

9.7 


10 

6.9 

4.1 

21.0 


4.9 

2.1 1.9 ( 


7.8 7.0 6.1 


t*> K> 
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wear. Wheti run in wet air at 240F, there was such noise and obvious distress in the 
pump that the test was stopped after four hours. The higher temperature had 
accelerated the corrosive wear. At a still higher temperature, 300F, serious oxida¬ 
tion of the fuel occurred. The oxidation products acted to inhibit corrosive wear 
and thus prevented abrasive wear as well. 


B. Abrasive Wear Increases With Load 

To assess the effect of load, two pump test3 were run at two different 
outlet pressures, 250 and 350psig. The wear debris was analyzed for Fe°, Fe^, and 
Fe++-t-, as well as for C, C, and H. From this and the total weight loss, the amount 
of abrasive wear can be calculated. Table XXXVI presents the data. Raising the 
load from 250paig to 350psig increased v-;ar from 3.2g to 6.1g. All of this increase 
wse due to abrasive wear, the corresponding values balng 2.2 and 4.9g. The amount 
of corrosive wear was almost exactly fne same in the two cases: 1.47 and 1.43g as 
Iron oxides 

This conclusion is entirely logical. It means that corrosion occurs 
irrespective of load, but that abrasion is load-dependent. 

C. Abrasive Wear Does Not Occur Until the 
Auount of Wear Debrla Passes A Threshold Value 


It is obvious thst abrasive wear will not occur unless corrosive wear 
precedes it, for in rhe absence of oxygen no punqj wear occurs at all. This makes 
it possible to test the abrasiveness of wear particles, uncomplicated by corrosive 
wear. Accordingly, the effect of particle concentration was evaluated in a series 
of tests on Bayol 35 in u nitrogen atmosphere. New Bayol 35 was mixed with varying 
amounts of Bayol 35 from an earlier test run m air at 250psig. The amount of wear 
debris was 0, 25%, 507, and 1CG% (100% equals 1.6mg debris per gram of fuel). The 
103% test (no dilution with freah fuel) was run by first running in air at 200psig 
and then in nitrogen using a new pump cartridge. 

The data are giver in Table XXXVII. As expected, the fuels containing large 
amounts of wear debris gave very severe wear: 13.3g for the fuel containing all 
the wear debris fro® the preceding test, 11.7g for the fuel containing 50% of the 
debris. Surprisingly, however, the fuel with 25% of the debris showed almost uo 
wear at all. Thus, abrasive wear is not a linear function of the amount of wear 
particle®, but is in the form of Fig. 30. 

Analysis of the wear deoris from the high wear tests shows that very 
little of it is iron oxide, thereby confirming that this is pure abrasive wear. 

Table XXXVIP.shows that the run containing 5CX added wear debris startad with 716mg 
iron oxide in the fuel and finished with 553mg. The entire ll,7?5mg wear was 
thus unoxidieed iron. 

Q, Ahrasiv* Characteristics cl Iron Oxides are Sot 

Correlat ed with Hardness, Crystal Structure or Pastille Sire 

Several different iron oxides sttd other metal oxides were obtained and 
tested trr abrasive wear in the Vickers pump. They were welded to Bayol 35 at 
lOOppas, which should be enough to cause abrasive wear, based on earlier tests. 

The results are given in Table XXXIX. Both of the fern oxides, -FejOj and e-Fe^Oj, 
gave Severe wear, the weight lost being about A grams- Alundusi (es-AljO)) gave 
about O.lSg. The other three oxideS-'FnJtti. FeO(0h) and Cu T 0--gave leas than 
59«g weat . FeO(C-H) did give severe wear wrse.n the amount was increased to jZOppm, a* 






TABLE XXXVI 


EFFECT OF LOAD ON ABRASIVE WEAR 
(Vickers Vane Pump Tests - 90F, Room Air) 


Pump Pressure, pslg 250 350 


Ring Wear, mg 

3122 

5951 

Vane Wear, mg 

125 

171 

Total Wear, mg 

3247 

6122 

Analyses of Wear Debris, utX 

It* 

53.9 

71.8 

Fe+2 

11.7') 

7.5 

Fe+3 

11.3 >36.3 

6.8 

Oxygen 

13.3; 

6.7 

C 

5.4 

7.6 

H 

0.4 

0.6 

Estimated Wear Debris*, mg 

4055 

6810 

Fe* in Wear Debris, mg 

2190 

4890 

Fe • Oxides in Wear Debris 

1473 

1430 


jossUUiM. •*&\1 

X Total Fe la Wear Debris 















TABLE XXXVII 


EFFECT OF WEAR DEBRIS ON ABRASIVE WEAR 


(Vickers Vane Pump Tests, 350psig, 90F, in nitrogen) 
Base Fuel: Bayol 35 


% of Wear Debris* 

None 

25% 

50% 

100% 

Wear, mg 

Vane 

3 

11** 

1681 

1551 

Ring 

0 

61** 

10094 

11768 

Surface Finish, ^i-inch 

Vane, Initial 

20 

6 

6 

8 

Final 

38 

7 

137 

85 

Ring, Initial 

13 

10 

33 

7 

Final 

8 

33 

128 

70 

Chemical Analyses cf 

Wear Debris, 7. 

Fe° 


59.2 

87-0 

86.4 

Fe+2 

— 

6.6 

0.7 

0.4 

Fe+3 

— 

13.8 

1.1 

1.3 

Oxygen 

-- 

6.4 

6.1 

6-2 

C 

-- 

0.6 

0.3 

0.2 

H 


12.2 

2.2 

1.9 

* Wear debris obtained from previous test 
1007 equals 0.167 by weight in the fuel 

at 350psig 

• 

in air 


** Averages of two runs. 























TABUS XXXVIII 


MATERIAL BALANCES OF ABRASIVE WEAR 
_ DUE TO WEAR DEBRIS _ 



257. 

50% 

Wear Debris 

Wear Debris 

Wear Debris 

Weight, mg 

974 

13803 

X Fe“ 

59.2 

87.0 

X Fe Oxides* 

32-6 

4.0 

Fe°, ?eg 

577 

12C00 

Fe Oxides, mg 

31/ 

553 

Fe° balance. asg 

’ 

„ .. 

Figs Added Wear 'C^rit' 

-~ 546 ' 

10*0 

From Pump Wear** 

72 

11775 

Total F*° 

628 

12865 

Fe Oxides Balance, mg 



Frcm Added Wear Debris 

368 

736 


* Suamation of X Fe+2, % Fe+3 and oxygen. 

** If assumed all wear is abrasive; i.e. all Fe°. 
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* Iron °xides supplied by courtesy of Columbia Carbon Conpany. 
<' 500ppm. 








shown in Table XL)another indication that abrasive wear is concentration-depen¬ 
dent. However, Fe 304 gave no wear, even at lOOOppm. 

It was rather surprising that no correlation could be found between 
abrasiveness and other properties such as hardness, particle size or crystal 
structure. Aluminum oxide is easily the hardest, yet it was not as abrasive as 
ferric oxide. Its particle size, by microscopic examination, was only slightly 
smaller. These data are also given in Table XXXIX. 

E. Oleic Acid Reduces Abrasive Wear 

It has generally been assumed that additives such as oleic acid function 
as antiwear agents by chemisorbing on the surface, thus inhibiting o<rrosive wear 
and also decreasing adhesion. It was therefore 4 ite unexpected to find that 
oleic acid could eliminate abrasive wear. A Vickers pump test was run on Bayol 35 
containing 200 ppm«-Fe 203 and 500ppm oleic acid. Without olt \c acid, only lOOppm 
«-Fe 203 would cause severe abrasive wear, 7079mg. Adding oleic acid reduced the 
wear to 5mg (Table XLI). 

To try to get some explanation for the effect of oleic acid the solids 
were filcered out of the fuels and examined under the electron microscops and by 
IR. No difference could be noted in the IR spectra. The electron micrographs 
of the oxide particles are shown in Figs. 31 and 32. Some differences can be seen. 
The fuel containing oleic acid showed more clumping of the solid particles and the 
individual oxide crystals seem less sharp. 0 ne can only speculate whether this 
has any significance. 

To summarize the work on abrasive wear, it appears that not enough is 
known about why particles are abrasive, why there should be a threshold concentra¬ 
tion, or why or how additives act to prevent abrasive wear. However, it was not 
within the scope of this contract to investigate abrasive wear more thoroughly. 










TABLE XL 



i 


CONCENTRATION EFFECT ON ABRASIVE WEAR 


(Vickers Vane Pump 

Tests, 350psig, 90F, 

Nitrogen) 


Base 

Fuel: Bayol 35 




FeO(QH) 

Fe^Oi 


lOOppm 

320nnm 

500ppta 

lOOOpor 

mg 





Vanes 

5 

1169 

19 

0 

Ring 

27 

9378 

6 

0 

Surface Finish, ji-infh 





Vanes, before test 

8 

6 



after test 

10 

151 

m — 


Ring, before test 

31 

12 



after test 

23 

39 

_ _ 







TABLE XLI 


EFFECT CF ADDITIVE ON ABRASIVE WEAR 
(Vickers Vane Pump Tests, 350psi, 90F, Nitrogen) 


200ppm «<-Fe 203 



Bayol 35 

lOOppm o(-Fe203 
in Bayol 35 

+500ppm Oleic , 
in Bayol 35 

Wear, me 

Var.es 

3 

942 

1 

Ring 

0 

7027 

4 

Surface Finish. ^i-inch 

Vanes, before test 

20 

6 

13 

after test 

38 

139 

16 

Ring, before test 

13 

8 

18 

after teat 

8 

59 

14 
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VI, CONCLUSIONS 


From this three-yenr study the following general facts have been learned* 

Marked differences In the lubricity of jet fuels do indeed exist. Fuels 
available camaerc tally can vary free goed lubricity to lubricity an bad as that of 
a pure hydrocarbon. Theee differences are largely due to the chemical composition 
of the fuels end not to their physical characteristics wuoh as viscosity or 
volatility. Although as a clast the low-viscosity JP-4's are worse then the higher- 
viscosity JP-5's, it 1* entirely possible for one sample of JP-4 to have con¬ 
siderably better lubricity thee that of a high-purity JP-5. 

The two moat important constituents in jet fuels leading to good lubricity 
«re aromatic hydrocarbons and surface-active additives. The importance of aromatics 
(particularly condensed-ring aromatics) had not bean appreciated before. Their re¬ 
moval in the refining process--to get low luminomeier number and high thermal 
stability—appear* to be the chief reason for lubricity problem* In the field, 

Surface-active additives are excellent lubricity agents. Organic acids 
ere particularly effective, toperting lower friction end wear at concentrations as 
low ae 5ppm. Corrosion inhibitors of the type normally used in jet fuels are good 
lubricity agents, but special lubricity additives are even better. 

The other componente of jet fuels are relatively unimportant. No dif¬ 
ferences were noted between paraffinic end naphthenic components (elicyclic end 
cyclic aliphatic#). Olefins have seme mild lubricity, but they are generally 
present in only minor amounts. Somewhat surprisingly, neither sulfur compounds nor 
nitrogen compounds have any effect, at least not in the concentrations normally 
found in jet fuels. Additives other then corrosion inhibitors were alBo relatively 
ineffective. These Include the anti-icing agents, metal deactivators and anti¬ 
oxidants. 

To study the lubricity of jet fuels in the laboratory, the apparatus must 
be capable of operatlug at very low loads, higher loads causes scuffing, an entirely 
different kind of wear phenomenon, and one apparently not related to jet fuel prob¬ 
lem in the field. The bail-on-cyllnder device was the best all-around apparatus 
for rhis purpose. A good correlation was obtained between wear in this device and 
friction problems in the field. 

The atmosphere surrounding the rubbing aurfeces was found to be extremely 
important. Very low wear and friction could be obtained by blanketing the system 
with a dry inert gas. A vane pump, for example, could operate wichout wear and 
with good volumetric efficiency in dry nitrogen, under conditions where it would 
wear out to a few hours in ordinary air. It appears chat inerting fuel tanks would 
be beneficial, not only for reducing thermal degradation of the fuel, but for bet¬ 
ter lubrication as well. 

Scuffing is aggravated by an inert atmosphere. The presence oi either 
oxygen or water greatly reducat thlc effect as do condensad-ring aromatics, but the 
effect of additives is frequent.y poor. The importance oi water hat usually b«.en 
overlooked. It mj be possible to exclude oxygen from a fuel system and still avoid 
Anypossibility <e# scuffing, by maintaining a certain amount of dissolved water in 
the foal. 
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Wear and scuffing increase with temperature and certain additives may be¬ 
come less effective. This effect is often ubscured by the oxidation of the fuel 
which results in the formation of good-lubricity oxidation products. 

This research has also resulted in several findings that are important 
in the better understanding of the wear process. In particular, this work has 
shown the importance of corrosive (oxidative) wear as a major wear mechaniem. The 
nature of scuffing and abrasion has also been clarified. The importance of con¬ 
densed-ring aromatics in imparting lubricity not only applies to fuels, but is 
apparently the major difference between good-lubricity petroleum lubricants and 
poor-lubricity white oils. These findings have resulted in several papers submitted 
for publication. 
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VII. APPENDIX 


EQUIPMENT AND TECHNIQUES 


A. T»»t Equipment Aad Procedure 

la this program three test devices were mainly used for lubrication test* 
log. They were (1) tha ball-on-cylinder device to determine friction and wear in 
the "mixed-film" regime between hydrodynamic and complete boundary lubrication, (2) 
a standard four-ball apparatus to measure wear in the more heavily loaded region and 
also to determine the "scuffing-load", (3) a Vickers vane pump to measure wear and 
loss of volumetric efficiency in an actual pump. The Micro-Ryder test was also eva¬ 
luated a possible lubricity tester for jet fuels. This device has been described in 
Section IX above. 

1. Ball-On-Cylinder Machine 

This apparatus measures metallic content and friction and has been pre¬ 
viously described (5, 6). The apparatus is shown in Figure 33. The system, con¬ 
sisting basically of a fixed metal ball loaded against a rotating cylinder, is one 
of pure sliding. 

The extent of metallic contact is determined by measuring both instan¬ 
taneous and average electrical resistance between the two surfaces. In general, the 
electrical resistance fluctuates very rapidly from a very high value to a very low 
value, suggesting that metallic contact is discontinuous. The average recorded 
resistance, therefore is a time average and is consequently related to the percent 
of the time that metallic contact occurs--hereafter referred to as "percent metallic 
contact." 

The friction between the ball and cylinder is measured by means of a small 
differential transformer and ia recorded continuously. The differences in frictional 
bahitvior between fuels is often not so much in the average level as in the relative 
smoothness of the trace. A poor fuel gives a jagged tract., Indicating stick-slip, 
which is easy to see, but hard to express as a number. 

Wear of tha ball or cylinder can be determined by making direct maasure- 
ments under a microscope. The wear sccr on the ball is not circular but elliptical, 
with the major axis perpendicular to the direction of travel. This comes about be¬ 
cause of the wear of tha cylinder, which ia somewhat softer than the ball. The wear 
scar reported ia tha average of the major and minor axi ft. In the case of scuffing, 
tha wear on the cylinder ia large and may easily be measured by means of a surface 
profile taken axially across the wear track. 

With this apparatus, the satire region from hydrodynamic (no metallic con¬ 
tact) to pure "boundary" lubrication (continuous metallic contact) can be readily 
Investigated. There is generally a close correlation between friction, wear, and 
percent metallic coutact. However, percent metallic contact loses its significance 
at higher loads where the contact is 1001 for all fuels. Also, where stick-slip is 
observed (vary erratic friction) the ball literally chatters on the track, giving a 
misleading low value of metallic contact. For this study, the metallic contact 
measurements are of importance mostly in detecting the formation of a non-conducting 
layer oo the rubbing surfaces. This layer cornea from tha reaction between the metal 
surface and a fuel additive, and generally results In lower friction. 
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For non-additive fuels : che veer *c*t ie a good measure of the degree of 
trteciOQ. Wear seer diameter (USD) is therefore quoted extensively. For fuels con* 
tainiug additives or large amounts of sulfur or nitrogen compounds, the veer scar say 
not refla«£ the degree of friction. These cases are always notated in this report. 

Most of tbs test balls used In this study are standard half-inch Grade 1 
balls made of AXSI 32100 steel and having s surface roughness of about 2 mlcro- 
inebee CLA (Center Lina Average). The cylinders (1.75 in. diameter) are alto made 
of A1SI $2100 ateei and have e surface roughness of about l'>12 micro-inches CLA. 

The hardness of the balls is 65 Rockwell C.; f the cylinder 20 Rockwell C. 

For * portion of this work, several different metallurgies were employed. 
Half-inch bails were uaed and special cylinders were fabricated of the desired 
metallurgy. The balls were very smooth (CLA about 2 p in) and the cylinders were 
polished to similar smoothness. Sarduess values ere shewn below: 

Rockwell 
Hardness, Rc 


Metal 

Ball 

Cylinder 

Stainless Steel 440C 

60 

_ 

K-Monel 

30 

32 

Tungsten Carbide 

70 

- 

Stainless Steel 302 

31, 

- 

Tilvc- 

98(R B ) 

98(R B ) 


In the case of silver, steel specimens were electrolyiically plated to a thickness 
of 1/2C inch. After all tests, microccopic examination shewed that the silver 
coating had not been broken-through. 

In order to study the effect of dissolved oxygen and water on friction 
are wear, each of the test instruments was modified. The first modification to the 
ball-on-cyUnder apparatus consisted of adding a fue 1 -circulating system, which also 
allowed the use of higher temperatures. The test fuel is heated in a reservoir 
while bubbling in a gas containing a certain percentage of oxygen. It flows by 
gravity into the fuel container which is closed and kept at the same atmorphe.e 
s that of the fuel reservoir. The temperature of fuels in the container is con¬ 
trolled by varying the heating of the reservoir with a Variac. The test fuel is 
pumped back to the -eservoir through a glass bulb containing a sensor for oxygen 
analysis. The test is started when the oxygen in the fuel, as Indicated in the 
cxygen analyser, and the temperature reach,a steady state. 

Later it became cue thst the test fuel was equilibrating very rapidly 
with the gas environment. .. ,5-rcinute soak period vss found to he ample. Therefore 
the apparatus was simplified by designing r. new test cup having £ smaller fuel 
capacity, a built-in electrical heating el ' .nt and Chermc -icuple, and a gas inlet 
line to the bottom of the fuel sample. A cover fits cr.er the cup and around the 
chuck holding the ball. A gas flow rate of 0.5 cu.ft./min effectively prevents any 
back diffusion. 

In these tests, the metallic contact and frictional behavior of a given 
lubricant at a given load and speed are recorded with time. The tests were 
generally run for 32 minutes at room temperature (77F), and at 240 rpm (56 cw/sec 
sliding speed). Loads were varied from 15 to 4000 g, corresponding to mean Hertz 
pressures of 21,800 to 125,000 psi. In each test, a new ball and fresh track were 
used. There 1 j some variation in the test results from cylinder to cylinder, 
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probably because of minor differtuu la out-of-roundnets. This source of error was 
minimized by making comparative runs on the saae cylinder (10 or 12 separate tracks) 
thus allowing a direct r«ie*ivc rising. 

For out rolled atacseiwrea ^ the apparatus was fed with * continuous stress 
of gas of known cxyaisu eaotffiK ani lastfdicy. Oxygen contest was controlled by 
nix log meters? ascents of air and tc inert gas fro* ^oppressed gas cylinders. the 
Inert gas was ffz per eitcor^is or vrgon, generally argon because of a specified 
99,995Z purity. la e fast pure oxygen was else used. 

?or ail cocjrtlsed gas cylinders, cbe water contest is exceedingly low — 
15-20 ppc- correapo-^dirjt'Co e relative humidity of 0.12. Seas teste were conducted 
under bcae-dry conditions. The method used to obtain bone-dry conditions is dia- 
cn-iiad in the under "Bone-Dry Atmospheres' 1 (Section III). For testa at 1002 
kb, the get bubbled through water. In a few cases, a layer of water wag inserted 
at the bottom of the cup containing the test fuel. Only the extremes of humidity 
were examined—0 or 100Z RH- Intermediate humidities were examined only in the 
i.-oo»5-fiir runs. 

2. Four-Ball Hear 
And Scuff Tester 


Oise of the most cogsdou instruments used in lubricity studies is the four- 
wear fester. Basically, the xeehjTr' of a spherical metal hall he In 

in ^ rotating renck, la cos race with, -.h-- faces of three stationary metal balls. 

This simple pyrassidal geometry allows an accjreLe evaluation o i wear caused by the 
sliding bodies in contact. The frictional pull can also be computed via a simple 
spring gauge. At the conclusion of the test, the three cell balls are studied 
microscopically to determine the size of the wear scar produced. Such scars are 
generally circular or slightly elliptical in form, with relatively uniform vertical 
striations present in the worn area. The parameters that appear to be significant 
in determining wear soar diameter (WSD) are load, speed, time, and atmosphere. 

Tbe instruments used early in this investigation were the Normal Four- 
Ball Wear Tester (Scientific Precision Cotqpaay, Chicago, Illinois, Catalog #73603) 
and the Shell Extreme Pressure Four-Ball Tester (Catalog #2008). These are dis¬ 
cussed in the annual Technical Report, Part I of this study. The Normal four-ball 
wear tester was modified to include a plastic collar around the test specimens. 
Oxygen can be excluded by passing dry argon into the test zone. Dissolved oxygen 
was not purged but from the results it is apparent that most, if not ail, of the 
oxygen is removed during the soak period preceding the test. 

For the results presented in thi3 report, a G.E.-Brcwn modification of 
the four-ball wear tester was used. In this urit, the load is applied by a 
pneumatic piston rather than mechanically. This machine has an enclosed space 
around the test specimens. In the machine as purchased, tho gas is fed above the 
test liquid. This way modified to feed the gas to a point near the bottom of the 
test cup, thus getting a better and more rapid purging. 

The new machine also needed modification of the loading arrangement. 

The load is transmitted from the pneumatic piston to the test balls through a snaft 
sliding in a sleeve. Considerable friction was found between the shaft and sleeve, 
with the result that the actual load could be as much as 2,000 g in error. The 
sticking was eliminated by enlarging the sleeve and inserting a rolling-element 
bushing between the sleeve and shaft. This reduces the error to less than 50 g. 















Only the general procedure* can be mentioned here as the details of each 
specific teat aeries are discussed in the text with the reeulto. The general tech¬ 
nique was to place the balls in contact and set the desired loading. The system 
wse than purged with the desired atmosphere for about 13 minutes (previously found 
; aayis time). The test was than started at the pre-set desired speed (for 
meet of the work, 1200 rpm top ball apead). Unless otherwise stated, test time wes 
13 minutes, Previously it had bean shown (sea annual Technical Report, Part 1, 

P» 24, of thin study) that IS minutes was well into the so-celled normal wear rate 
taglctt (7), so that meaningful cooperisone could be made. 

3U Vickers Vane Pump 

t 

4 photograph of the Vickerc Vana Pump system is shown in Figure 34. The 
poop is a positive displacement vena pump, Vickers V-104-Y-10 type, with a rated 
capacity of 1.8 gpm at 0 psi and 1.1 pgm at 1,000 psi. It is driven by a 2 hp 
motor at 1155 rem. The fluid circulates through a pressure relief valve, sequence 
valve,, rotameter, cooler and sump of ten-gallon capacity. The temperature of the 
fluid £n the sump is thermostatically controlled by an electronic relay. The flow 
ayatem is connected with 3/8 inch stainless steel tubing. A calibration burette is 
metalled in parallel with the rotameter. The fluid can be bypassed into the 
burette for precise measurements of the flow rate. 

The pumping cartridge is replaceable. It consists of 12 vanes (15 mm x 
12 on x 2 s») placed freely in the slots of a rotor and confined by s ring. The 
venae arc forced outward by both centrifuged force and tbe outlet pressure of the 
fluid which Is fed behind the vane. Both sides are covered with a bronze bushing. 
Major wear takes place due to the sliding action between vanes and the ring. Minor 
wear occurs os the surface of the bushings. 

A secondary device is attached to the pump system. It consists of a pair 
of hydraulic cylinders, one of which is driven by pump pressure through an arrange¬ 
ment of a solenoid valve and limit switches. Its reciprocating motion drives the 
piston of the second cylinder in whic 1 ’ the test fluid is charged under l^-pressure 
at one md and discharged at the other end. Wear, leakage rate past the piston 
rings,and surface finish of piston assembly are measured. To date, this seconder;,- 
device has not yet been used for this project. 

Bach test was made at a specified pump discharge pressure and specified 
sump temperature. Because of the low viscosity of jet fuels relative tc the usual 
hydraulic oils, the highest pressure possible was only 350 psig. Test duration was 
24 hours, and a new pumping cartridge was used for each mm. All the components 
were weighed and their surface roughness measured by a Talysurf Profilimeter. 

To investigate jet fuel lubricity at higher tenqmratures and under con¬ 
trolled atmospheres, a new pump test stand (Mark II) was built. The entire system 
has an enclosure which is constantly exhausted during the test. The fuel flow is 
basically the same as that of the other unit used for previous tests. Major modi¬ 
fications include: (1) reducing Che sump to two gallons capacity, (2) automatic 
recording of the pressure and flew rate, (3) provision for controlling atmospheric 
environment in tie sump, (4) adding a bypass for a high-pressure millipore filter 
to check the pump wear at any time, (5) adding a fuel-sampling system controlled by 
a timer, and (6) various safety features, such as overheating shutoff, low-fuel- 
level shutoff, end automatic extinguishing system in case of fire- The system was 
designed to be operable at sump temperature of 300F and a pump discharge pressure 
of 3000 psig. 


! 
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4r Oxygen Analyzer (Beckman Model No. 777, 

The sensor for tha oxygen analyzer coruiscs of a gold cathode separated 
from a tubular silver anode by an epoxy coating. The anode and cathode are 
electrically separated by a KC1 gel. The assembf/ is separated from the fuel by 
a gas permeable Teflon membrane. The dissolved ox.’gen comes in contact with the 
electrode by diffusing through the membrane and tho following reactions occur; 


O 2 + 2 H 2 O + 4s*—>4011’(at cathode) 

4 Ag + 4C1"—► 4AgCl + 4e"(at anode) 

The current in the cell it proportional to Che partial pressure of the oxygen 
present. To calibrate the analyser, air or nitrogen is bubbled through the fuel 
at the same temperature at which testa were made. When the analyser reading 
stabilizes, actual oxygen content in ppm is determined by gas chromatography. The 
oxygen content in ppm of any subsequent reading lc interpolated from these two 
determinations. 

B» Data Analysis Techniques 

No general data analysis techniques were necessary for this study. Data 
treatment for specific aeries of tests are discussed at appropriate places in the 
text. For example, in the evaluation of the scuffing characteristics of the fuels, 
the method of plotting the wear scar size vs. the load is discusred in the section 
on "Scuffing of Steel" (III). 
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